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L REAL PARTY IN INTEREST 

The real party in interest is Genentech, Inc., South San Francisco, Cahfomia, by an 
assignment of the parent application, U.S. Patent Application Serial No. 09/665,350 recorded 
July 9, 2001, at Reel 03964 and Frame 0181. 

IL RELATED APPEALS AND INTERFERENCES 

The claims pending in the current application are directed to a polypeptide referred to 
herein as "PR0211." There exist two related patent applications: (1) U.S. Patent Application 
Serial No. 09/941,992, filed August 28, 2001 (containing claims directed to PR021 1 
polypeptides based on utility to assay #9: inhibition of VEGF stimulated proliferation of 
endothelial cells), which is allowed and where the issue fee has been paid; and (2) U.S. Patent 
Application Serial No. 09/991,150, filed November 16, 2001 (containing claims directed to 
nucleic acids encoding PR021 1 polypeptides, based on utility to the gene amplification assay), 
which is also allowed and where the issue fee has been paid. 

IIL STATUS OF CLAIMS 

Claims 39-43 are in this application. Claim 44 has been canceled without prejudice or 
disclaimer. 

Claims 39-43 were found to have utility based on "Assay # 9, the activity of inhibiting 
VEGF stimulated proliferation of endothelial cells, or inducing apoptosis in endothelial cells, 
described in the instant specification. However, utility for the instant application is claimed 
based on the "gene amplification assay" and therefore the instant claims stand rejected for the 
reasons cited below. Appellants appeal the rejection of these claims and a copy of the rejected 
claims is provided as Appendix A. 

IV. STATUS OF AMENDMENTS 

There were no amendments submitted after the final rejection of June 20, 2005. 
Appellants further note that, although an amendment to correct inventorship was filed on 
October 16, 2003, and was indicated as considered in the Advisory Action mailed November 26, 
2003, Appellants note that the correct inventors are still not reflected on the PAIR system. Proper 
entry of this amendment is duly requested. All other amendments have been entered. 
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V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention claimed in the present application is related to an isolated antibody that 
specifically binds to the polypeptide of SEQ ID NO: 2 (Claim 39), referred to in the present 
application as "PR021 1." The invention is further directed to monoclonal antibodies 
(Claim 40), humanized antibodies (Claim 41), antibody fragments (Claim 42), and labeled 
antibodies (Claim 43) that specifically bind to the polypeptide of SEQ ID N0:2. The PR021 1 
gene was shown for the first time in the present application to be significantly amplified in 
human lung and colon cancers as compared to normal, non-cancerous human tissue controls 
(Example 92). 

Support for the preparation and uses of antibodies is found throughout the specification, 
including, for example, Example 57-59, pages 199-200. Isolated antibodies are defined in the 
specificafion at page 139, line 16 onwards. Support for monoclonal antibodies is found in the 
specificafion at, for example, page 139, line 32, to page 141, line 13. Support for humanized 
antibodies is found in the specification at, for example, page 141, line 15, to page 142, line 16. 
Support for antibody fragments is found in the specification at, for example, page 143, line 8 
onwards. Support for labeled antibodies is foimd in the specification at, for example, pages 144- 
145, line 16 onwards and page 146, line 33 to page 147, line 6. 

The polypeptide of SEQ ID N0:2 is designated PR021 1, and its amino acid sequence is 
shown in Figure 2, while the encoding nucleic acid sequence (SEQ ID N0:1) is shown in Figure 
1. Page 58, lines 29-33 of the specification provides the description for Figures 2 and 1. The 
cDNA for PR021 1 was deposited under ATCC accession number 209258, also referred to as 
DNA32292-1 131. The isolation of cDNA clones encoding PR021 1 of SEQ ID N0:2 is 
described in Example 2. Page 2-3, page 35, page 99 describe the PR021 1 polypeptide as novel 
polypeptides having homology to EOF. Examples 53-56, page 192 onwards describe the 
expression of PRO polypeptides in various host cells, including E, coli, mammalian cells, yeast 
and Baculovirus-infected insect cells. 

Finally, Example 92, in the specification at page 222, line 26, to page 235, line 3, sets 
forth a 'Gene Amplification assay' which shows that the PR021 1 gene is amplified in the 
genome of certain human lung and colon cancers (see Table 9, pages 230-234, sixth column). 
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The profiles of various primary lung and colon and colon tumors used for screening the PRO 
polypeptide compounds of the invention in the gene amplification assay are summarized on 
Table 8, page 227 of the specification. 

VL ISSUES BEFORE THE BOARD 

1 . Whether the instant Claims 39-43 are entitled to the priority date of the earlier filed 
International Application No. PCT/US98/18824, dated 10 September 1998 and, whether 
the eariier filed application PCTAJS98/1 8824 compHes with the requirements of 35 
U.S.C. §112, first paragraph. 

2. Whether the instant claims are anticipated under 35 U.S.C. § 102(a) by the disclosure of 
Intemational Application No. WO99/58660, dated 18 November 1999. 

VIL ARGUMENTS 

Summary of the Arsuments 
Issue 1: Priority/ Utility 

The Examiner asserts that the main reason for not according priority to the earlier filed 
application, PCT/US98/1 8824 dated 10 September 1998 is because "the earlier application does 
not comply with the requirements of the first paragraph of 35 U.S.C. §1 12 (Page 3 of the Final 
Office Action mailed June 20, 2005). 

Since the 'how to use' prong of the enablement requirement under 35 U.S.C. §112, first 
paragraph incorporates, as a matter of law, a requirement that the specification disclose a 
practical utility for the claimed invention, and hence, the utility requirements under 35 U.S.C. 
§101 are discussed. 

Patentable utility requires an assertion of specific, substantial and credible utility in the 
application for patent, or a well-recognized utility. The evidentiary standard to be used in setting 
forth a rejection is a preponderance of the totality of the evidence under consideration. Thus, to 
overcome the presumption of truth that an assertion of utility by the Appellant enjoys, the 
Examiner must establish that it is more likely than not that one of ordinary skill in the art would 
doubt the truth of the statement of utility. Only after the Examiner has made a proper prima 
facie showing of lack of utility, does the burden of rebuttal shift to the Appellant. 
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Appellants have previously submitted that patentable utility for the PR021 1 polypeptides 
and their antibodies is based upon the gene amplification data of the DNA encoding PR021 1 . 
The specification discloses that the gene encoding PR021 1 showed significant ampUfication, 
ranging from 2.25-fold to 5.86-fold amplification observed for PR021 1 in the thirteen lung 
tumors and 2.014-fold to 4.03-fold amplification observed for PR021 1 in the six colon tumors. 
Appellants have also submitted, v^ith their Response filed March 14, 2003, the Declaration of Dr. 
Audrey Goddard, which explains that a gene identified as being amplified at least 2-fold by the 
disclosed gene amplification assay in a tumor sample relative to a normal sample is usefiil as a 
marker for the diagnosis of cancer , for monitoring cancer development and/or for measuring the 
efficacy of cancer therapy. Therefore, one of ordinary skill would find it credible that the 
claimed PR021 1 polypeptides, and therefore their antibodies have utility as markers for the 
diagnosis of lung and colon tumors . 

In addition, Appellants have submitted ample evidence to show that, in general, if a gene 
is amplified in cancer, it is more likely than not that the encoded protein will be expressed at an 
elevated level. First, the articles by Omtoft et ai, Hyman et al, and Pollack et al (made of 
record in Appellants* Response filed October 15, 2004) collectively teach that in general gene 
amplification increases mRNA expression . Second, the Declaration of Dr. Paul Polakis (made of 
record in Appellants* Response filed October 15, 2004), principal investigator of the Tumor 
Antigen Project of Genentech, Inc., the assignee of the present application, shows that, in 
general there is a correlarion between mRNA levels and polypeptide levels . 

Appellants fiirther submit that even if there were no correlation between gene 
amplification and increased mRNA/protein expression, (which Appellants expressly do not 
concede), a polypepfide encoded by a gene that is amphfied in cancer would stUl have a specific, 
substantial and credible ufility. Appellants submit that, as evidenced by the Ashkenazi 
Declaration and the teachings of Hanna and Momin (both made of record in Appellants' 
Response filed June 28, 2004), simultaneous testing of gene amplification and gene product 
over-expression enables more accurate tumor classification, even if the gene-product, the protein, 
is not over-expressed. This leads to better determination of a suitable therapy for the tumor, as 
demonstrated by a real-world example of the breast cancer marker HER-2/neu. 
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Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 million dollars 
in sales of their GeneChip arrays in 2004. Clearly, the research community believes that the 
information obtained from these chips is useful (i.e., that it is more likely than not informative of 
the protein level). 

Taken together, although there are some examples in the scientific art that do not fit 
within the central dogma of molecular biology that there is a correlation between DNA, mRNA, 
and polypeptide levels, these instances are exceptions rather than the rule . In the majority of 
amplified genes , as exempUfied by Haynes et al, Omtoft et al, Hyman et al, Pollack et al, and 
the Polakis Declaration, the teachings in the art overwhekningly show that gene amplification 
influences gene expression at the mRNA and protein levels . Therefore, one of skill in the art 
would reasonably expect in this instance, based on the amplification data for the PR021 1 gene, 
that the PR021 1 polypeptide is concomitantly overexpressed. Thus, the claimed PR021 1 
polypeptides have utility in the diagnosis of cancer. 

However, the Examiner maintains, on page 4, line 3 of the Final Office Action mailed 
June 20, 2005, that amplification of the PR021 1 polynucleotide does not impart a specific, 
substantial, and credible utility to the PR021 1 antibody since, "gene ampUfication of 
polynucleotides encoding PR021 1 . . ..is not predictive of increased amounts of polynucleotide of 
SEQ ID NO: 2, and, therefore, the polypeptide of SEQ ID NO: 2 could not be used as a marker 
for lung and colon cancer without further and significant amount of experimentation". 

Appellants submit, as discussed below, that a prima facie case for lack of utility has not 
been established based on the Examiner's rejections. 

Accordingly, Appellants submit that when the proper legal standard is applied, one 
should reach the conclusion that the present application discloses at least one patentable utiUty 
for the claimed PR021 1 polypeptides and their antibodies in the diagnosis of cancer. Based on 
such a ufility, one of skill in the art would know exactly how to use the claimed polypeptides for 
diagnosis of cancer, without any undue experimentation. The specificafion provides ample 
guidance to allow the skilled artisan, including a detailed protocol for the gene amplification 
assay, and detailed guidance as to how to identify and make polypeptides of PR0211 (SEQ ID 
NO: 2) and detailed guidance on how to make and use antibodies to PR021 1 (SEQ ID N0:2). 
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Accordingly, one of ordinary skill in the art would understand how to make and use the recited 
antibodies without any undue experimentation. 

Issue 2: Anticipation 

The Examiner asserts that the main reason for Claims 39-43 to be rejected under 35 
U.S.C. §102(a) as being anticipated by WO99/58660, dated 1 1/18/1999, is because priority was 
not accorded to the priority application, PCT/US98/18824, dated 10 September 1998 for the 
instant application (Page 2-3 of the Final Office Action mailed June 20, 2005). 

However, for the reasons discussed above, Appellants believe they are entitled to the 
priority date of International application PCT/US98/18824 dated 10 September 1998 as it 
satisfies the requirements of 35 U.S.C.§§ 101/1 12, first paragraph. Further, proper priority claim 
was made in the instant appHcation. Accordingly, WO99/58660, dated 1 1/1999 is not prior art 
under 35 U.S.C. §102(a). 

Response to Rejections 

Issue 1. The PCT/US98/18824 Application is Supported by a Credible, Specific and 
Substantial Asserted Utility based on the Gene Amplification Assay and Further Meets the 
Enablement Requirements of 35 U>S.C. $112, First Paragraph 

The sole basis for the Examiner's rejection of Claim 39-43 under this section is that the 
data presented in Example 92 of the PCT/US98/18824 specification is allegedly insufficient, 
under the present legal standards, .to establish patentable utility based on the gene amplification 
assay under 35 U.S.C. §112, first paragraph. Thus, the Examiner contends that the presently 
claimed subject matter is not entitled to the earlier priority date of 10 September 1998. 
Appellants strongly disagree and, therefore, respectfully traverse the rejection. 

Since the 'how to use' prong of the enablement requirement under 35 U.S.C. §112, first 
paragraph incorporates as a matter of law, a requirement that the specification disclose a 
practical utility, the utility requirements under 35 U.S.C. §101 are discussed below. 
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A. The Legal Standard For Utility Under 35 U.S.C. §101 

According to 35 U.S.C. §101: 

Whoever invents or discovers any nev^ and useful process, machine, manufacture, 
or composition of matter, or any new and useful improvement thereof, may obtain 
a patent therefor, subject to the conditions and requirements of this title. 
(Emphasis added). 

In interpreting the utility requirement, in Brenner v. Manson, the Supreme Court held 
that the quid pro quo contemplated by the U.S. Constitution between the public interest and the 
interest of the inventors required that a patent applicant disclose a "substantial utiUty" for his or 
her invention, i.e., a utility "where specific benefit exists in currently available form." The 
Court concluded that "a patent is not a hunting license. It is not a reward for the search, but 
compensation for its successful conclusion. A patent system must be related to the world of 

commerce rather than the realm of philosophy."^ 

4 

Later, in Nelson v. Bowler, the C.C.P. A. acknowledged that tests evidencing 
pharmacological activity of a compound may estabhsh practical utility, even though they may 
not establish a specific therapeutic use. The Court held that "since it is crucial to provide 
researchers with an incentive to disclose pharmaceutical activities in as many compounds as 
possible, we conclude adequate proof of any such activity constitutes a showing of practical 

utility."^ 

In Cross v. lizuka^'xhQ C.A.F.C. reaffirmed Nelson, and added that in vitro results might 
be sufficient to support practical utility, explaining that "in vitro testing, in general, is relatively 

^ Brenner v. Manson, 383 U.S. 519, 148 U.S.P.Q. (BNA) 689 (1966). 
^ Id. at 534, 148 U.S.P.Q. (BNA) at 695. 
^ Id. at 536, 148 U.S.P.Q. (BNA) at 696. 

^ Nelson v. Bowler, 626 F.2d 853, 206 U.S.P.Q. (BNA) 881 (C.C.P.A. 1980). 
^ Id. at 856, 206 U.S.P.Q. (BNA) at 883. 

^ Cross V. lizuka, 753 F.2d 1047, 224 U.S.P.Q. (BNA) 739 (Fed. Cir. 1985). 
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less complex, less time consuming, and less expensive than in vivo testing. Moreover, in vitro 
results with the particular pharmacological activity are generally predictive of in vivo test results, 

7 

Le., there is a reasonable correlation there between." The Court perceived, "No insurmountable 
difficulty" in finding that, under appropriate circumstances, "m vitro testing, may establish a 

8 

practical utiUty." 

The case law has also clearly established that Appellants' statements of utility are usually 

9 

sufficient, unless such statement of utility is unbelievable on its face. The PTO has the initial 

10 

burden to prove that Appellants' claims of usefulness are not believable on their face, m 
general, an Appellant's assertion of utility creates a presumption of utility that will be sufficient 
to safisfy the utility requirement of 35 U.S.C. §101, "unless there is a reason for one skilled in 
the art to question the objective truth of the statement of utility or its scope. ' 

Comphance with 35 U.S.C. §101 is a question of fact.^^ The evidentiary standard to be 
used throughout ex parte examination in setting forth a rejection is a preponderance of the 

14 

totality of the evidence under consideration. Thus, to overcome the presumption of truth that 
an assertion of utility by the Appellant enjoys, the Examiner must estabUsh that it is more likely 

^ Id. at 1050, 224 U.S.P.Q. (BNA) at 747. 

'id, 

^ In re Gazave, 379 F.2d 973, 154 U.S.P.Q. (BNA) 92 (C.C.P.A. 1967). 
Ibid 

InreLanger, 503 F.2d 1380,1391, 183 U.S.P.Q. (BNA) 288, 297 (C.C.P.A. 1974). 

See also In re Jolles, 628 F.2d 1322, 206 USPQ 885 (C.C.P.A. 1980); In re Irons, 340 F.2d 
974, 144 USPQ 351 (1965) Jn re Sichert, 566 F.2d 1154, 1159, 196 USPQ 209, 212-13 
(C.C.P.A. 1977). 

Raytheon v. Roper, 724 F.2d 951, 956, 220 U.S.P.Q. (BNA) 592, 596 (Fed. Cir. 1983) cert, 
deniedA69 US 835 (1984). 

In re Oetiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d (BNA) 1443, 1444 (Fed. Cir. 1992). 
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than not that one of ordinary skill in the art would doubt the truth of the statement of utihty. 
Only after the Examiner made a proper prima facie showing of lack of utiHty, does the burden of 
rebuttal shift to the Appellant. The issue will then be decided on the totality of evidence. 

The well established case law is clearly reflected in the Utility Examination Guidelines 
("Utility Guidelines")/^ which acknowledge that an invention complies with the utility 
requirement of 35 U.S.C. §101, if it has at least one asserted "specific, substantial, and credible 
utility" or a "well-estabhshed utility." Under the Utility Guidelines, a utihty is "specific" when 
it is particular to the subject matter claimed. For example, it is generally not enough to state that 
a nucleic acid is usefiil as a diagnostic without also identifying the conditions that are to be 
diagnosed. 

In explaining the "substantial utility" standard, M.P.E.P. §2107.01 cautions, however, 
that Office personnel must be careful not to interpret the phrase "immediate benefit to the 
public" or similar formulations used in certain court decisions to mean that products or services 
based on the claimed invention must be "currently available" to the public in order to satisfy the 
utility requirement. "Rather, any reasonable use that an applicant has identified for the invention 
that can be viewed as providing a public benefit should be accepted as sufficient, at least with 
regard to defining a 'substantial' utility. '"^^ Indeed, the Guidelines for Examination of 

17 . . 

Applications for Compliance With the Utility Requirement, gives the following instruction to 
patent examiners: "If the Appellant has asserted that the claimed invention is useful for any 
particular practical purpose . . . and the assertion would be considered credible by a person of 
ordinary skill in the art, do not impose a rejection based on lack of utility." 

B. Proper Application of the Legal Standard 

^Appellants respectfully submit that the data presented in Example 92 starting on page 222 
of the specification of the specification and the cumulative evidence of record, which underlies 

66 Fed. Reg. 1092 (2001). 
M.P.E.P. §2107.01. 
M.P.E.P. §2107 11(B)(1). 

-10- 

Appeal to the Board of Patent Appeals and Interferences 

Appellants' Brief 
Application Serial No. 09/903,749 
Attorney's Docket No. 39780-1618 P2C6 



the current dispute, indeed support a "specific, substantial and credible" asserted utility for the 
presently claimed antibodies. Example 92 describes the results obtained using a very 
well-known and routinely employed polymerase chain reaction (PCR)-based assay, the 
TaqMan™ PGR assay, also referred to herein as the gene amplification assay. This assay allows 
one to quantitatively measure the level of gene amplification in a given sample, say, a tumor 
extract, or a cell line. It was well known in the art at the time the invention was made that gene 
amplification is an essential mechanism for oncogene activation. Appellants isolated genomic 
DNA from a variety of primary cancers and cancer cell lines that are listed in Table 9 (page 222 
onwards of the specification), including primary lung and colon and colon cancers of the type 
and stage indicated in Table 8 (page 227). The tumor samples were tested in triplicates with 
Taqman™ primers and with internal controls, beta-actin and GADPH in order to quantitatively 
compare DNA levels between samples (page 229). As a negative control, DNA was isolated 
from the cells of ten normal healthy individuals, which was pooled and used as a control and 
also, no-template controls (page 229, lines 28-29). The results of TaqMan™ PGR are reported in 
AGt units, as explained in the passage bridging pages 222 to 223, last line onwards. One unit 
corresponds to one PGR cycle or approximately a 2-fold amplification, relative to control, two 
units correspond to 4-fold, 3 units to 8-fold amplification and so on . Using this PGR-based 
assay, Appellants showed that the gene encoding for PR021 1 was significantlv amplified , that is, 
it showed approximately 1.17-2.55 AGt units for lung tumors and 1.01-2.01 AGt units for colon 
tumors; which corresponds to 2^'^^ -2^'^^- fold amplification for lung tumors and 2^'^^ -2 fold 
amplification for colon tumors; or 2.25-fold to 5.86-fold amplification observed for PR021 1 in 
the thirteen lung tumors and 2.014-fold to 4.03-fold amphfication observed for PR0211 in the 
six colon tumors. 

In support of their showing that these gene amplification values are significant. 

Appellants submitted, in their Response filed March 14, 2003, a Declaration by Dr. Audrey 

Goddard. Appellants particularly draw the Board's attention to page 3 of the Goddard 

Declaration which clearly states that: 

It is fiirther my considered scientific opinion that an at least 2-fold increase in 
gene copy number in a tumor fissue sample relative to a normal (i.e., non-tumor) 
sample is significant and useful in that the detected increase in gene copy number 
in the tumor sample relative to the normal sample serves as a basis for using 
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relative gene copy number as quantitated by the TaqMan PGR technique as a 
diagnostic marker for the presence or absence of tumor in a tissue sample of 
unknown pathology. Accordingly, a gene identified as being amplified at least 2- 
fold by the quantitative TaqMan PGR assay in a tumor sample relative to a normal 
sample is useful as a marker for the diagnosis of cancer, for monitoring cancer 
development and/or for measuring the efficacy of cancer therapy. (Emphasis 
added). 

Further, Example 92 in the specification fiirther discloses, "Amplification is associated 
with overexpression of the gene product, indicating that the polypeptides are useful targets for 
therapeutic intervention in certain cancers such as colon, lung, breast and other cancers and 
diagnostic determination of the presence of those cancers" (emphasis added). Accordingly, the 
2.25-fold to 5.86-fold amplification observed for PR0211 in the thirteen lung tumors and 
2.014-fold to 4.03-fold amplification observed for PR021 1 in the six colon tumors would be 
considered significant and credible by one skilled in the art, based upon the facts disclosed in the 
Goddard Declaration. 

However, Appellants note that the Examiner maintains the position in the Office Action, 

especially on page 4, line 3 onwards of the Final Office Action mailed on June 20, 2005, that: 

"gene amphfication of polynucleotides encoding PR0211 of SEQ ID NO: 2 in 
primary samples of lung and colon cancer, as indicated in Table 9 on pages 230- 
234 of the instant specification, is not predictive of increased amounts of 
polypeptide of SEQ ID NO: 2 and therefore, the polypeptide of SEQ ID NO: 2 
could not be used as a marker for lung and colon cancer without fiirther and 
significant amount of experimentation." 

But Appellants have submitted ample evidence (submitted with Appellants' 
Response October 15, 2004) to show that, in general, if a gene is amplified in cancer, it is 
more likely than not that the encoded protein will be expressed at an elevated level as 
well. Appellants respectfully remind the Examiner that the evidentiary standard to be 
used throughout ex parte examination of a patent application is a preponderance of the 
totality of the evidence under consideration. Thus, to overcome the presumption of 
truth that an assertion of utility by the applicant enjoys, the Examiner must estabHsh that 
it is more likely than not that one of ordinary skill in the art would doubt the truth of the 
statement of utility. Only after the Examiner has made a proper prima facie showing of 
lack of utility, does the burden of rebuttal shift to the Appellant. 
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First, the articles by Omtoft et al, Hyman et al, and Pollack^/ al collectively teach that 
in general gene amplification increases mRNA expression . Appellants submit that these and 
numerous other articles show that generally, if a gene is amplified in cancer, it is more Hkely 
than not that the mRNA transcript will be expressed at an elevated level. For example, Omtoft et 
al studied transcript levels of 5600 genes in malignant bladder cancers, many of which were 
linked to the gain or loss of chromosomal material using an array-based method. Omtoft et al 
showed that there was a gene dosage effect and taught that "in general (18 of 23 cases) 
chromosomal areas with more than 2-fold gain of DNA showed a corresponding increase in 
mRNA transcripts" (see column 1, abstract). Li addition, Hyman et al showed, using CGH 
analysis and cDNA microarrays which compared DNA copy numbers and mRNA expression of 
over 12,000 genes in breast cancer tumors and cell lines, that there was "evidence of a prominent 
global influence of copy number changes on gene expression levels." (See page 6244, column 1, 
last paragraph). Additional supportive teachings were also provided by Pollack et al, who 
studied a series of primary human breast tumors and showed that ". . .62% of highly amplified 
genes show moderately or highly elevated expression, and DNA copy number.influences gene 
expression across a wide range of DNA copy number alterations (deletion, low-, mid- and high- 
level amplification), and that on average, a 2-fold change in DNA copy number is associated 
with a corresponding 1. 5-fold change in mRNA levels." Thus, these articles collectively teach 
that in general gene amplification increases mRNA expression . 

In addition, in their Response filed October 15, 2004, Appellants submitted a Declaration 
by Dr. Polakis, principal investigator of the Tumor Anfigen Project of Genentech, Inc., the 
assignee of the present application, to show that mRNA expression correlates well with protein 
levels, in general. As Dr. Polakis explains, the primary focus of the microarray project was to 
identify tumor cell markers useful as targets for both the diagnosis and treatment of cancer in 
humans. The scientists working on the project extensively rely on results of microarray 
experiments in their effort to identify such markers. As Dr. Polakis explains, using microarray 
analysis, Genentech scientists have identified approximately 20 gene transcripts (mRNAs) that 
are present in human tumor cells at significantly higher levels than in corresponding normal 
human cells. To the date of the Declaration, they have generated antibodies that bind to about 30 
of the tumor antigen proteins expressed from these differentially expressed gene transcripts and 
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have used these antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. Having compared 
the levels of mRNA and protein in both the tumor and normal cells analyzed, they found a very 
good correlation between mRNA and corresponding protein levels. Specifically, in 
approximately 80% of their observations they have found that increases in the level of a 
particular mRNA correlates with changes in the level of protein expressed from that mRNA. 
While the proper legal standard is to show that the existence of correlation between mRNA and 
polypeptide levels is more likely than not, in approximately 80% of the cases , the researchers 
found that increases in the level of a particular mRNA correlated with changes in the level of 
protein expressed from that mRNA when human tumor cells are compared with their 
corresponding normal cells , which greatly exceeds this legal standard. Based on these 
experimental data and his vast scientific experience of more than 2 years. Dr. Polakis states that, 
for human genes, increased mRNA levels typically correlate with an increase in abundance of 
the encoded protein. He further confirms that "it remains a central dogma in molecular biology 
that increased mRNA levels are predictive of corresponding increased levels of the encoded 
protein." Therefore, Dr. Polakis' research, which is referenced in his Declaration, shows that, in 
general there is a correlation between increased mRNA and polypeptide levels . 

Appellants further note that the sale of gene expression chips to measure mRNA levels is 
a highly successful business, with a company such as Affymetrix recording 168.3 miUion dollars 
in sales of their GeneChip® arrays in 2004. Clearly, the research community believe that the 
information obtained from these chips is useful (i.e., that it is more likely than not that the results 
are informative of protein levels). 

Therefore, in the majority of amplified genes , the teachings in the art, overwhelmingly 
show that gene amplification influences gene expression at the mRNA and protein levels. 
Therefore, it is "more likely than nof for ampUfied genes to have increased mRNA and protein 
levels, in general. 

However, in the Final Office Action, the Examiner alleges based on the teachings of 
Oratoft et al, Hyman et al and Pollack et al that: 

"(1) the references are mostly limited to the analysis of correlation between 
increased copy of DNA and corresponding amount of mRNA, which is not relevant in the 
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instant case to support the correlation between DNA and protein levels; (page 4 of the 
Final Office Action); 

(2) the references explain that when a copy of DNA is amplified less than 2-fold, 
which is only 3 out of 13 cases of lung cancer samples and zero out of 6 cases of colon 
cancer samples in the instant case of polypeptide of SEQ ID NO: 2 (see Table 9), (they) 
are considered at the border of detection (see page 4 of the Final Office Action); 

(3) the references clearly caution regarding limitations of gene expression pattem 
analysis, despite this progress of classification, the molecular mechanisms underlying 
gene expression patterns in cancer have remained elusive, and the utility of gene 
expression profiling in the identification of specific therapeutic targets remain limited 
(see last paragraph bridging pages 4 and 5 of the Office action)." The Examiner adds that 
"even if (we) assume that the increase of DNA copy correlates with the increase of the 
amount of corresponding protein, there appears to be no evidence or scientific reasoning 
presented to conclude that such increase is directly proportional to the amount of 
number of copies of DNA" (emphasis added- see page 5, lines 4-7 of the Office action). 

Appellants strongly disagree with each of the points for the reasons discussed below. On 
the whole, the rejections made by the Examiner are based either on erroneous conclusions due to 
a misinterpretation of the gene ampUfication data, or on standards other than the utility, standard. 

Regarding point (1), Appellants submit that the Examiner is mischaracterizing the 
Appellants' reason for presenting the Omtoft et aL, Hyman et aL and Pollack et al 
references. Appellants respectfiiUy submit that these articles were presented to support 
the correlation between gene amplification andmRNA levels, while Dr. Polakis' 
Declaration was presented to support the correlation between mRNA levels and 
polypeptide levels. Appellants have clearly explained this throughout prosecution. 
Therefore, the Examiner's rejection based on the irrelevance of the Omtoft et al, Hyman 
et al and Pollack et al references in showing the correlation between "DNA and protein 
levels" is an inappropriate characterization of the reasoning behind the presentation of the 
evidence by the Appellant. 

Further, the remarks made by the Examiner in point number (2) regarding "the 
copy of DNA being amplified less than 2-fold" is erifirely incorrect. The Examiner 
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seems to confuse the ACt units disclosed in Table 9 of the instant specification with "fold 
amplification". The observed fold- amplification values for PR021 1 and methods to 
calculate them have been discussed in detail in the specification (Example 92) and above. 
That is, the fold-amplification for PR021 1 in thirteen lung tumors was 2.25-fold to 
5.86-fold whereas fold-ampUfication in six colon tumors was 2.014-fold to 4.03-fold, 
which are well above the 2-fold levels erroneously cited by the Examiner. Therefore, any 
conclusion drawn by the Examiner based on such an error would also be incorrect. 

Lastly, the points raised in item (3) cited above, namely that "the molecular 
mechanisms underlving the gene expression patterns in cancer have remained elusive," 
(emphasis added) is also not a proper basis for a utility rejection. The Examiner's general 
contention in this rejection seems to be the underlving mechanism of the PR021 1 protein 
in causing cancer rather than the positive result in the gene ampHfication assay. 
Appellants respectfully submit that the mechanism of action need not be understood for 
attaining utility. In fact, as stated by the Federal Circuit, "it is not a requirement of 
patentability that an inventor correctly set forth, or even know, how or why the invention 
works." In re Cortwright, 165 F.2d 1353, 1359 (Fed. Cir. 1999). The Federal Circuit has 
also stated that "[a]n invention need not be the best or only way to accomplish a certain 
result, and it need only be useful to some extent and in certain appHcations: "[T]he fact 
that an invention has only limited utility and is not operable in certain applications is not 
grounds for finding lack of utility." Envirotech Corp, v. Al George, Inc. 730 F.2d 
753,762, 221 USPQ 473,480 (Fed. Cir. 1984). " Thus, Appellants submit that such a 
concern is misplaced, and cannot properly form the basis of utility rejections of the 
present claims. 

On the other hand, Appellants wholly acknowledge that the issue in this instance 
is the standard of proof required for Appellants to demonstrate the correlation between 
increased DNA levels, mRNA levels and protein levels. Based on the UtiUty Guidelines 
set by the PTO, this standard is more likelv than not . It is not absolute certainty . 
Therefore, the Examiner's requirement for "evidence or scientific reasoning presented to 
conclude that such increase is directly proportional to the amount of number of 
copies of DNA " is not required to meet the "utility" standard of the Patent Statute for 
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PR021 1 . Instead, Appellants' showing that gene amplification DNA results are well- 
correlated with mRNA and protein overexpression in general and therefore, it is more 
likely than not that, for PR021 1, as for most other genes , gene ampUfication is correlated 
with mRNA and protein overexpression, sufficiently meets the "utility" standard set by 
the PTO. 

Further, based on the asserted utility for PR021 1 in the diagnosis of selected lung and 
colon cancers, the reduction to practice of the instantly claimed protein sequence of SEQ ID 
N0:2 in the present application (also see page 2-3, page 35, page 99), the disclosure of the step- 
by-step protocol for the preparation, isolation and detection of monoclonal, polyclonal and other 
types of antibodies against the PR0211 protein in the specification (monoclonal and polyclonal 
antibodies at page 139, line 32, to page 141, line 13; humanized antibodies at page 141, line 15, 
to page 142, line 16; antibody fragments at page 143, line 8 onwards; labeled antibodies at pages 
144-145, line 16 onwards and page 146, line 33 to page 147, line 6) and the disclosure of the 
gene amplification assay in Example 92, the skilled artisan would know exactly how to make and 
use the claimed antibodies for the diagnosis of lung and colon cancers. Appellants submit that 
based on the detailed information presented in the specification and the advanced state of the art 
in oncology, the skilled artisan would have found such testing routine and not 'undue.' 

Therefore, since the instantly claimed invention is supported by either a credible, specific 
and substantial asserted utility or a well-estabUshed utility first disclosed in the specification of 
International AppHcation No. PCT/US98/18824, dated 10 September 1998, and that specification 
sufficiently teaches one skilled in the art "how to make and use" the claimed invention without 
undue experimentation. Since a proper priority claim has been made in the instant application to 
PCT/US98/18824, Appellants are accordingly entitled to a priority date of 10 September 1998 
for the instant application. Therefore, Appellants respectfully request reconsideration and 
reversal of this outstanding rejection to Claims 39-43. 

Issue 2. The instant claims are not anticipated by the claims of WO99/58660, dated 
11/18/1999 

Based on the discussions above, which are incorporated herein. Appellants believe they 
are entitled to the priority date of Intemational application PCT/US98/18824 dated 10 September 
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1998, since PCT/US98/18824 has utility based on the gene amplification assay and because a 
proper priority claim was made in the above application. Accordingly, WO99/58660, dated 
1 1/18/1999 is not prior art under 35 U.S.C. §102(a). Therefore, Appellants respectfully request 
that this rejection be withdrawn. 

CONCLUSION 

For the reasons given above. Appellants submit that present and the earlier filed 
PCT/US98/18824 specification clearly describes, details and provides a patentable utility for the 
claimed invention. Moreover, it is respectfully submitted that based upon this disclosed 
patentable utility, the present specification clearly teaches "how to use" the presently claimed 
polypeptide. Since a proper priority claim has been made to PCT/US98/18824, Appellants 
believe that they are entitled to a priority date of 10 September 1998 for the instant application. 
Moreover, WO99/58660, dated 1 1/1999 is not prior art. As such, Appellants respectfully request 
reconsideration and reversal of the outstanding rejection of Claims 39-43. 

Please charge any fees, including fees for extension of time or other fees, or credit any 
overpayment to Deposit Account No. 08-1641 referencing Attorney's Docket 
No. 39780-1618P2C6 . 

Respectfully submitted. 

Date: March 1 5 , 2006 

Daphne Reddy/ 
Reg. No. 53,507 

HELLER EHRMAN LLP 

275 Middlefield Road 
Menlo Park, California 94025-3506 
Telephone: (650)324-7000 
Facsimile: (650) 324-0638 
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VIII. APPENDIX A 

Claims on Appeal 

39. An isolated antibody that binds to the polypeptide of SEQ ID NO: 2. 

40. The antibody of Claim 39 which is a monoclonal antibody. 

41 . The antibody of Claim 39 which is a humanized antibody. 

42. The antibody of Claim 39 which is an antibody fragment. 

43. The antibody of Claim 39 which is labeled. 
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IX. EVIDENCE APPENDIX 

1. Declaration of Audrey Goddard, Ph.D. under 35 C.F.R. §1.132, with attached 
Exhibits A-G: 

A. Curriculum Vitae of Audrey D. Goddard, Ph.D. 

B. Higuchi, R. et aL, "Simultaneous amplification and detection of specific DNA 
sequences /' Biotechnology 10:413-417 (1992). 

C. Livak, K.J., et aL, "Oligonucleotides with fluorescent dyes at opposite ends 
provide a quenched probe system usefiil for detecting PCR product and nucleic 
acid hybridization " PCR Methods Appl. 4:357-362 (1995). 

D. Heid, C.A. et aL, "Real time quantitative PCR" Genome Res, 6:986-994 (1996). 

E. Pennica, D. et aL, "WISP genes are members of the connective tissue growth 
factor family that are up-regulated in Wnt- 1 -transformed cells and aberrantly 
expressed in human colon tumors," Proc. Natl. Acad. Sci. USA 95:14717-14722 
(1998). 

F. Pitti, R.M. et aL, "Genomic ampUfication of a decoy receptor for Fas ligand in 
lung and colon cancer," Nature 396:699-703 (1998). 

G. Bieche, I. et aL, "Novel approach to quantitative polymerase chain reaction using 
real-time detection: Application to the detection of gene amplification in breast 
cancer," /n^ J. Cancer 78:661-666 (1998). 

2. Declaration of Paul Polakis, Ph.D. under 35 C.F.R. §1.132. 

3. Declaration of Avi Ashkenazi, Ph.D. under 35 C.F.R. §1.132. 

4. Omtoft et aL, 2002, Mol. and Cell. Proteomics, Vol.1, pages 37-45. 

5. Hyman et aL, Cancer Res., 2002, Vol. 62, pages 6240-45. 

6. Pollack et aL, PNAS, 2002, Vol. 99, pages 12963-12968. 

7. Hanna and Momin, 1999, Pathology Associates Medical Laboratories. 



Item 1 was submitted with the Appellants' Response filed on March 14, 2003 and was 
considered by the Examiner on June 9, 2003 . 

Items 2-7 were submitted with the Appellants' Response filed on October 15, 2004 and were 
considered by the Examiner in the Office action of December 8, 2004. 
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X. RELATED PROCEEDINGS APPENDIX 

None- no decision rendered by a Court or the Board in any related proceedings identified 

above. 

SV 2171975 vl 

3/14/06 9:10 AM (39780.1618) 
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DECLARATION OF AUDREY D. GODPARD. Ph.D UNDER 37 C.F.R. S 1.132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

I, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at tiie Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan ?CR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PGR assay is described, for example, in the following scientific 
publications: Higuchi et aL, Biotechnology 10:413-417 (1992) (Exhibit B); Livak et al, 
Methods Appl., 4:357-362 (1995) (Exhibit C> and Heid et al. Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PGR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PGR primers. The extent of 
digestion depends directly on the amount of PGR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer This is an extreriiely sensitive 
technique, which allows detection in the exponential phase of the PGR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PGR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PGR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad. Sci. USA . 95(25): 147 17- 14722 (1998) (Exhibit E); Pitti et al. Nature 
396(6712):699-703 (1998) (Exhibit?) and Bieche et aL, Int. J. Gancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PGR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PGR assay. Bieche 
et al used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PGR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i.e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PGR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown - 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PGR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the eflBcacy of cancer 
therapy. 

8. r declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
pxinishable by fme or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the vahdity of the application or any 
patent issuing thereon. 
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Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 
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PROFESSIONAL EXPERIENCE 



Genentech, Inc. 



1993-present 



South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
PartHSubteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998 - 2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility, 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 



• 

Audrey D. Goddard, Ph.D. . . . page 2 of 9 



1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person researcti facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification, 

• Design and implementation of analysis tools required for high throughput gene identification, 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery, 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes, 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada. 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 
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§ 1.28(c)(3); § 1.41; § 1.48; § 1.52(d); § 1.53(b)(3); § 1.55; § 1.99(e); § 
1.103(b); § 1.103(c); § 1.103(d); § 1.217; § 1.221; § 1.291(c)(5); § 
1.497(d); §3.81 



FEE CALCULATION 



8. OTHER FEES 



1. BASIC FILING, SEARCH, AND EXAMINATION FEES 



Entity 
Fee 
($) 



Applicati 
on Type 



FILING FEES 



Entity 
Fee 
($) 



Small 
Entity 
Fee ($) 



SEARCH FEES 



Entity 
Fee 
($) 



Small 
Entity 
Fee($) 



EXAMINATION 
FEES 



Entity 
Fee 

($) 



Small 
Entity 
Fee($) 



130 



Fees 
Paid (S) 



50 



130 



Entity 
Fee 
($) 



65 



25 



130 



Fee Description 



Surcharge - late filing fee or oath 



Surcharge - late provisional filing fee or cover sheet 



Non-English specification 



Utility 



300 



150 



500 



250 



200 



100 



2.520 



2.520 



For filing a request for ex parte reexamination 



Design 



200 



100 



100 



50 



135 



65 



920* 



920* 



Requesting publication of SIR prior to Examiner action 



Plant 



200 



100 



300 



150 



160 



80 



1,840* 



1,840* 



Requesting publication of SIR after Examiner action 



Reissue 



300 



150 



500 



250 



600 



300 



120 



60 



Extension for reply within first month 



Provisional 



200 



100 



450 



225 



Extension for reply within second month 



SUBTOTAL (1) 



$0 



1,020 



510 



Extension for reply within third month 



2. EXTRA CLAIM FEES 



1,590 



795 



Extension for reply within fourth month 



Entity Fee 
(S) 



50 



200 



360 



Small Entity Fee ($) 



25 



100 



180 



Fee Description 



2,160 



1,080 



Extension for reply within fifth month 



Each claim in excess of 20 or. for Reissues, each claim 
in excess of 20 and more than in the original patent 



500 



250 



Filing a brief in support of an appeal 



Each Independent claim in excess of 3 or. for Reissues, 
each independent claim more than in the original patent 



790 



395 



Filing a submission after final rejection (37 CFR 
1.129(a)) 



Multiple dependent claim, if not already paid 



1.510 



1,510 



Petition to institute a public use proceeding 



Extra Claims 



Fee from 
above 



Fee Paid 



500 



250 



Petition to revive - unavoidably abandoned application 



Total 
Claims 



-20** = 



1,500 



750 



Petition to revive - unintentionally abandoned application 



Independe 
nt Claims 



-3** = 



50 



50 



Processing fee for provisional appis (37 CFR l.I7(q)) 



**or number previously paid, if greater; For Reissues see below 



180 



180 



Submission of Information Disclosure Statement 



Multiple Dependent 



1.000 



500 



Request for oral hearing 



SUBTOTAL (2) 



$0 



790 



395 



For each additional invention to be examined (37 CFR 
1.129(b)) 



3. APPLICATION SIZE FEE 



790 



395 



Request for Continued Examination (RCE) 



If the specification and drawings exceed 100 sheets of paper, the application size fee due is 
$250 ($ 1 25 for small entity) for each additional 50 sheets or fi^ction thereof (round up to the a 
whole number). See 35 U.S.C. 41(a)(1)(G) and 37 CFR 1.16(s) 



900 



900 



Request for expedited examination of a design application 



Other fee (specify). 



Total 
Sheets 



-100 = 



Extra 
Sheets 



/50 = 



Number of 
each additional 
50 



SUBTOTAL (3) 



Fee 

J$L 



X 250 OR 



Small 
Entity 
Fee ($) 



SUBTOTAL (4+54^+7+8) 



$ 2,090.00 



X 125 



* Reduced by Basic Filing Fee Paid 



$0 



SUBMITTED BY ^---^ 


Complete (if applicable) 


Name 
(Print/Type) 


PANPANGAO/ ^^.^^ 


Registration No. 
(Attorney/Agent) 


43,626 


Telephone 


650 324-7000 


Signature 




Date 


March 15, 2006 


Customer No. 


35489 
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ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 1989-1992 

Medical Research Council Studentship 1983-1988 

NSERC Undergraduate Summer Research Award 1983 

Society of Chemical Industry Merit Award (Hons. Biochem.) 1983 

Dr. Hany Lyman Hooker Scholarship 1981-1983 

J.LW. Gill Scholarship 1981-1982 

Business and Professional Women's Club Scholarship 1980-1981 

Wyerhauser Foundation Scholarship 1979-1980 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science. Advances in Genome Biology and Technology I. Marco Island. FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting. Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
. Sequencing and Analysis Conference, Miami, FL, USA. September 1998 
The evolution of DNA sequencing: The Genentech. perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA. USA. May 1998 . 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October. 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76* Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 
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PATENTS 

Goddard A. Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M. Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2. 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410.708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL. Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D. Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6.350,450. Date of Patent: Feb. 26. 2002. 

Fong S, Ferrara N. Goddard A, Godowski PJ, Gurney AL. Hillan K and Williams PM. Tie 
, receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351: Date of Patent: 
Feb. 19. 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348.350. 
Date of Patent: Feb. 19. 2002. 

Attie KM, Carlsson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207.640. Date of Patent: March 27. 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8. 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P. Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A. Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H. Foster J. Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL. Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J. Dowd P, Colman 
S.. Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 1 35-1 42. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood W I. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17Rh1 . Journal of Biological Chemistry 276(2): 1660-1664. 

Xie M-H, AgganA/al S, Ho W-H. Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS, (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad, Sc/. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD,Tai JTN, Hillan KJ. Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K,' Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 1 1 : 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitnnent donnain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM. Dowd P, 
Brush J, Heldens S. Schow P, Goddard AD, Wood.Wi, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 215-218. 

Ridgway JBB. Ng E, Kern JA .Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitt! RM, Marsters SA, Lawrence DA, Roy M. Kischkel FC. Dowd P, Huang A, Donahue CJ. 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl. Gurney AL, Hillan KJ, Cohen RL. 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D. Swanson TA, Welsh JW. Roy MA. Lawrence DA. Lee J. Brush J, Taneyhill LA. 
Deuel B. Lew M, Watanabe C. Cohen RL. Melhem MF, Finley GG, Quirke P. Goddard AD. 
Hillan KJ, Gurney AL. Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. NatL Acad. Sc/. USA. 95(25): 14717- 
14722. 

Yang RB. Mark MR. Gray A, Huang A, Xie MH. Zhang M. Goddard A. Wood WI. Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM. Zhu Z. Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology ^6{7): 677-681. 

Marsters SA. Sheridan JP, Pitti RM. Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q. Zhang C, Bonifas JM. Lam CW. Hynes M, 
Goddard A, Rosenthal A. Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA. Sheridan JP. Pitti RM. Huang A. Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M. Stone DM. Dowd M. Pitts-Meek S, Goddard A. Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP. Marsters SA, Pitti RM, Gurney A., Skubatch M. Baldwin D, Ramakrishnan L, 
Gray CL. Baker K. Wood WI. Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M. Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD. Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongp JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to fomn a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D. 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate. receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current S/o/ogy 6(12): 
1669-76. 

Rothe M. Xiong J, Shu HB, Williamson K. Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M. Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. M/crod/o/ogy 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular En docrinoloov of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp.187-215. 

Treanor JJS Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Amrianini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW. Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A. Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler-FC, Gu Q. Fendly B, Goddard AD. Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ. Fairbairn L, Dexter M, Borrow J. Kozak C and Solomon E, (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC. Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333; 
1093-1098. 

Kuo SS, Moran P. Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
identification and characterization of Batk. a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo. is expressed at high levels in the 
brain. Journal of Biological Chemistry 26Q: 10720-10728. 

Borrow J, Shipley J. Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T. Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D. Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A. Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Sr. J. Haematol. 82: 529-540., 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM. Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet Cell. Genet 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihiajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet Cell. Genet 56: 165-168. 

Borrow J, Black DM, Goddard AD. Yagle MK, Frischauf A.-M and Solomon E. (1991) 
Construction and regional localization of a A/of I linking library from human chromosome 17q. 
Genomics 10: 477^80. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC. Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihiajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genef. 46: 1024-1033. 

Gallie BL. Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RBI cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genef/cs 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL (1989) 
Ggrmline. but not somatic, mutations of the RBI gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL. Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eve: Genes. Vision and 
Ocular Disease . UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 88. 
J. Piatigorsky, T. Shinohara and P.S. Zelenka, Eds. Alan R. Liss, Inc., New York, 1988, pp. 
427-436. 

Goddard AD, Balakier H, Canton M, Dunn J, Squire J, Reyes E, Becker A, Phillips RA and 
Gallie BL. (1988) Infrequent genomic rearrangement and normal expression of the putative 
RBI gene in retinoblastoma tumors. Mol. Cell. Biol. 8: 2082-2088. 

Squire J, Dunn J, Goddard A, Hoffman T, Musarella M, Willard HF, Becker AJ, Gallie BL and 
Phillips RA. (1986) Cloning of the esterase D gene: A polymorphic gene probe closely linked 
to the retinoblastoma locus on chromosome 13. Proc. Natl. Acad. Sci. USA 83: 6573-6577. 

Squire J, Goddard AD, Canton M, Becker A, Phillips RA and Gallie BL (1986) Tumour 
induction by the retinoblastoma mutation is independent of N-myc expression. Nature 322: 
555-557. 

Goddard AD, Heddle JA, Gallie BL and Phillips RA. (1985) Radiation sensitivity of fibroblasts 
of bilateral retinoblastoma patients as determined by micronucleus induction in vitro. Mutation 
Research 152: 31-38. 
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Wc have enhanced the polymerase chain | 
f eacdon (PC3R) such that specific DNA 
sequences can be detected without open- 
ing the reacttan tuhe* This enhaiicemeftt 
requires the addition of ethi^^um brontxide 
(EtBr) to a PCR. Since &e fluorescence of 
BtBr increases in die presence of double* 
stranded (ds) DNA an Micrease in fiuo^s* 
cence in such a PGR indicates a positive 
amplification, which can be eieisily moni- 
tored externally* In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simuha- 
neously ampfi^ specific BNA sequences 
and detect the product of the amplification 
both simplifi^ and improves PGR and 
may fjicilitale its automation and more 
widespread use in the clinic or in other 
situations requirikig high sample through- 
put 

Although the potential be™*" of PCR^ to dii^- 
kai <togno4tk» arc vfctl kuowri^ '*, it is siiU not 
widely used ir» this setting, even tliough it is 
Fmr yearti fiiuco thcrmoiJtAWft DNA potym*^*"^ 
aae«* inadc iPCR practicsa. Some of the TieasOns for it* slow 
Hoceptantc arc hSgh cost, tack of automation of pre^ and 
post-KiR processing ^lef&f and f^|sc positive results, from 
carryavCT-contamination. The flm two points arc related 
in that labot is the largest contributor to costait the present 
stage of PGR development. Moot Curtetit assays requite 
Bome forna of "downstream" processing once *ermocy* 
ding h done in order lo determine whether the ^^^t 
DNA sequence was present and ha$ amplified, 
include DNA hybridiwdon*-*. gel ekctrophye^^ with or 
>^ithout use of rcstTiaH>n digestion^;*/ HPlXr, or capmaxy 
elft;trophoTe5l'i"<>. These methods are Jabor-intensc, haire 
low throughput, and are difi&cult to automate. The third 
point is abo elowHy related to downstream processing. 
The handling of the PGR product in these downstream 
ptocesses increases the chances that aniptliBed DNA yaW 
spread Otfough the typing lab, resulfing m a risk of 



carryover"' false positives in subseijueni testing , 

These, dowustrcam processing steps would be eUnti- 
nated tf Specific amplification and detection of amplified 
DMA took place simultancomly within an unopened re- 
action vessel As^ys m whkh st*di dilFerent processes take 
ilacc witbotit.thc need to separate reaction components 
lavc been termed •Ijomogeneous''. No truly homogc-. 
rieous PGR assay has been dpnonstrated to date, although 
progress towards thi^ end has been reported. Ch^b, et 
al.*^ developed a PGR product detection scheme u^ing 
fluorescent primers that resulted in a Guarc^cent PGR 
product Allcfc-fipedfic primers, each with di^ercnt Buo- 
teseent tags, were used to indicate the genotype of the 
DNA. However, the uninrorporaied primers must still be 
removed in a do wnwream process in order to vfeuaJixc the 
result Recently. HoUaitd, et a^.^^ developed an as5ay^ in 
Which the endogenous 5' exOnudease assay of Taq uNA 
polymerafie was exploited to cleave a labeled ^Jigonucko- 
tide probe. The probe would only deave if PCR ampfm- 
cation had produced its coropJetneatary sequence. In 
order to detect die dcavagc pw>dwct5, however, a subse- 
quent process* M again needed. „ _ 
We have developed a truly homogeneous assay for FCK 
and PGR prodiici detectioD based upon the gready 
crea^ fluorcsccnoc that etludiuin btoinide and other 
DNA binding dyes exhibit when they are bound t<vds- 
DNA^*-^^ As outHncd in Figure J; a proiotypic PGR 



I TOtcwif 0 t 



/ 



{t^piiHL 10 Pa) 



(op CD mxraou^ 




cobtaitlin(; 



RQOKE I Mnciplc of simultaneous ampEificottcn and dctedtOA of .! 
KJR piquet: ™c coinp^ncntA of a PCR coatainhi^ EiBr chat am 
fluorescwK are lisied-itBr itself, EtBr bound to either ksJDN Act 
daDNA. There vt a large fluorescence enhancement when EtBr is 
bound to 0NA and hmdinj: is gvcatfy enhanced when DNA uS 
doublc-UTandcd- After suftdcnt <n)..cydcs of PGR» the net 
tncrcafve in ditpNA rexuks in addhiooal EtBr binding, and net 
iacrcftse in total AuoFcsccncs: 
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Fmnti ft G«l dcctrophoreds of P(!^ a^mplification pr{>d^s of the 
huoKWr ttitdcar gene, HLA DQct, made in the pre*tocc of 
incirasiiag amouDts of EtBr (up tp 8 W|/tnl). The presence of 
EtBr Iva tio obvious effect on Ute ykld or spcdfiuty of amplifi- 
ddon. 





niMIU S (A) FtuoTCSCCDCe measurement^ fitrtn PCRs that contaia 
0^ KS^nil £lBr and 'th3t are specific for V-e]irotno$ojboe rcjpcat 
»eqMenoc(. Five rrplicatc PCR5, "tvere begun cont»ming catch of tbc 
DnA» $ped^. At each hidic^tcd cyde, Kmc of the five repticate 
f Cks for each DNA -was removed from thcnoocydmg and Hs 
fluorescence measured, Units of fluoreMicnce ftre ftTbitrazr^ (B) 
UV pboto^lihy of PCR tubet (0.5 ml Eppcndorf-^tylc, poiypio- 
pykrve mtcro<entrifuge ^tubes) contaniin^ reactions^ those xtyaeu 
ing from t ng male DNA atid control reactions without any X)HA, 
from (A). 



begins with primers that are sitigle-strandcd DNA (ss- 
DNA)» d^^^Ps» aiwl DNA polymerase; An amount of 
dsDNA contair»mg the target sequence (target DNA) h 
also typically present. This ainowat can vary, depending 
on the application, from siugle-ceU amounts of DNA*^ to 
micrograms per FCR^®, If EtBr is present, the reagenui 
that wiU fluoreace, in order of iiitcnsasing fluorescence, are 
fro EiBr itsdf, and EtBr bound to the stngk-fitrandcd 
DNA prLuett and Da the doublo^ti:^nd€d target DNA (by 
its tntertrahlion between the stacked bases of the DNA 
doubJc-hdSm;). After the first denatutation cydc, Urget 
DNA will be largely single-stranded. After a PGR is 
completed, the mosl stgnth^t change is the increase in 
the amount of dsDNA (the PGR prodna itself) of up to 
several mierpgrams- Formerly free EtBr is bound to the 
addidotial dsDNA4 resulting in an increase in fluores- 
cence. There is also some decrease in the amoani of 
ssDNA primer, but becau^ the bindhig of EtBr to ssDN A 
is tnuch )e$$ than to dsDNA^ the effect of tbb change on 
the total fluorescence of the sample is smalL The fluores- 
cence iticreasc can be xoeasnred by directing cxdtadon 
tlluminatlon thn»iigh the walls of the amplificadon vessel 
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bclbrc and after, or even coniinuously durin)^, thermocy- 
ding. 

RESULTS 

PGR in &e presence of EtBr. It? order to a5sef>9 the 
affect of EtBr in PGR, ampK6catious of the human HLA 
DQa gtne*'' were performed with the dye present at 
concentrations from 0,06 to 8.0 jtg^ml (a ty^k^ concen- 
tration of EtBr ti.<^d tn staining of nucleic aods following 
get elcarophoresis is 0.5 ji.g/ni{). As shown in Figure 2/g€3 
electrophoresis ix^vealed liole or no di6fcjrcpcc in the yield 
or quality of the amplification product whether EtBr was 
absent or prescttt at any of these concentratkms, indicat- 
ing that EtBr does not inhibit PC^, 

DtfiiectioR of h^uxKin Y-dit^iiosoniQ specific 
qoGnces. Sequence-Specific-, fluorescence eohanoement of 
EtBr ax a result of PGR was demonstrated in a scries of 
ampUficattons containing 0.5 >tg^ml EtBr and pHmers 
spedfic to repeat DNA sequettccs fbnnd on the human 
Y-chromosomo***. These PCRa initialiy contained dthtr 
60 ng male, 60 ng female, 2 ng rnsdk human or no DNA. 
Five replicate PCRs were begun for each DNA, After 0» 
17, 21 , 24 and 29 cycles of thenuocyding, a PCR for each 
DNA was removed from the thermocyder, and its. fluo- 
rescence measured in a spcctrofinorometer and plotted 
vs, amfriificatlon cyde number (Fig. 3A). Tlic shape of this 
curve rcSccts the fact that by the time an increase in 
fluorescence can be detected, the increase in DNA is 
becoming linear and not exponential with cyde number: 
As shown, the fluorescence iocreascd about three-fold 
orer the background fluoresci£t]t<x for the PCRs iSontain- 
iog human male DNA, but did not signiikandy increase 
for negative control PCRs, which contained cntHer no 
DNA or huchan female DNA. The more male DNA 
present to begin with— 60 ng versus t ng--the fewer 
cydeA were needed to give a detectable increase in fluo- 
rescence. Od dectronfiorcsts w the products of these 
amplifications showea that DNA fragments of the ex- 
pected size were made in the male DNA coritajning 
reactions and that Me PNA syntbesa$ took place in the 
control sarnies. 

In addtdon, the increase in fluon»ccncc yran visualized 
by shnply laying the awnpletjed, unopened PCRs on a UV 
transilhuninator and photographing Uicm thriough a red 
filter. This is shown in figure 3B tor the reactions thai 
b<^ with 2 ng male DNA and those with no DNA. 

Detecti<m of spccsfic dllcka of the htMoan p-globm 
gene* In order to demonstrate that this approach has 
adequate apcdfidty to allow genetk screening* a dttccuon 
of the iicklc-cdl anemia mutadon was performed. Fi^e 
4 shows the fluorescence from conipleted ampJSficatlouj 

coritaujliag EtBr (0.5 ^g^ml) a« a«t6euid by photography 

of the reaction cubes on a UV cracsillominator. Tliese 
reactions were performed u^ng primcTR spedfic For ci- 
ther the wild-tTOC or sickle-cell mutation of the human 
^lobin gene* - The spcdfidty for each aWetc is imparted 
by placmg the sidde-mutation site at the terminal 3' 
nucleoudc of one primer. By usii^ an appropriate primer 
annealing temperaturet prim^ octetisipti— aad thus am- 
plifkation— can take place only if the 3' nudeotkle of 
pritntr is coiUj^leiDcnury to the $-^k3bin aUdc pxTCfiCnt^'^- 
Each pair 6i ampWications shown in Figure 4 consists of 
a reaction with either ihc wildHype allclt spedfic flcft 
tube) or stckle-allele spedfic (right tube) primei^. Three 
di£Eerent DNAa were typed: DNA fnom a homozygous, 
wikJ-typc p-globin individual (AA); from a heterozygous 
sicitle p-giobin individual (AS); and from a bomoscyg*^ 
siclde P-^qWo indFrtdual (SS). Each DNA (50 ng gci^omic 
DNA to start, e^ PGR> was analyzed in triplicate <3 pain 
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risactions each). The DNA .type vas reflected in the 
rtjawvc fiuorescetice intcnsiuc* in «ath pair oFcomf^eted 
^JfimlificatioiWp. There was a significant increase in fluores- 
Inoc o<Jy where a ^globin aOele DNA matched the 
priflX^ »ci. WhcD measured on a spcctrofl^ioronicncr 
(iatfi not shown)> this fiuorcscoacc v/as about three tioics 
ij^t present in a FCR where both p-globm allcicSi were 
mismatched to the pHmer set. Gel cfcctropharee^ {moi 
Jhowii) established that this increase in fitiorescence was 
due to the syntheds of neatly a microgram of a DNA 
fnjffmcnt of the expected size for p-^lohin. There waa 
iitdc synthesis of dsDNA m reactions in.which the aliele- 
jpcdfic primer was mismatched to both alleles. 

Goatiinv^'' movAtowkag of » PCR* Using a fiber optk 
devkcril possible to direct exdtation iUuminaiion from 
P spoctrofluorometer to a PCR undergoing thcnnocyding 
and to rcairn its jRuorcsccucc to the Kpectroftijommeter. 
lie fluorcscxncc readout of such an arrangementj di- 
rected at an EtBr-containing amplificadon of Y-chromo- 
some specific soqwcoccs frojn 25 ng of liuman male DNA> 
is shown in Figure S. The readout from a control fCR 
vhli no target DNA is also shown. Thirty cycks of PCR 
vere monitored for each- 

The ftuorcsccnee trace as a function of dme dearly 
shows the effect of the thermocyding. Fluorescence inlen- 
idiy rises and.&iils invcrady with temperature The fluo- 
re^ccnce intenfdiy is minimum at the denaturadon lera- 
pemture (94'*C) and maxiniufn at the anncaUng/extenAion 
tcmpcratuTC (SOX). In the negative-control PGR, these 
fluorescence maxima and minima do not change Slgnifi- 
cjintly over the thiity tbcrmocydefi, indicating diat there is 
little dsDNA fyynd>e$ifi without the appropriate target 
DNA, and there Is little if any blc5M:hiri« of EtBr during 
the continuous jUuTnination of the sample. 

In the PCR cotitainmg male DNA, the fluorescence 
maxima at the annealing/excension temperature bcgb to 
increase al about 4000 seconds of therroocyding, and 
continue to increase with rime, indicating that dsDNA is 
being produced at a detectable leveL Noce that the fluo- 
rescence minima at the denatuTatioa tmpcrature do not 
aigniftcandy increase, presumably because at this temper- 
ature there is no d&DNA for EtBr to bind. Hius the course 
of the amplification is followed by tracking the ftuorcs-. 
ccnce increase at dac aoneaHn^ temperature. Analysis of 
ihc products of the$e two amplifications by gel electropho- 
rcpis showed :i DNA fragment of the eacpcctcd siie for the 
male DNA containing sample and ik> detectable DNA 
synthejtk for the control sampte. 

DISCUSSION 

Downstream processes such as hybridir^on to a se- 
qucncenftpedfic probe can enhance tlie specifidty of DNA 
dete\:Uvii by PGR. The chmioatiQn of dit«e proccsdca 
means that' the spcdficiiy of this homogeneous assay 
depends solely on diat of PCR. In the case of sickle-celi 
di"ieasc, we have shown that PCR alooc has sufficient DNA 
sequence spcdfidty to permit genetic screening. Using 
appropriate amplification conditions, there is little noft* 
spcdfic production of dsDNA in the abecace of the 
?ippropriatc target aikle. 

The spedfidty required to detect padtogens can be 
more or less than that required* to do genetic screening, 
dcpcoding on the number of pathogens in the sample and 
the amount of other DNA that must be taken with d:kc 
sample. A difikult target is HIV, which requires detection 
of a viiTiJ genome that can be at the level of a few cofte 
per thoiwanda of host ccUs*. Compared wirii genetic 
screening, which is performed on cdls ^ontainmg at least 
one copy of die target sequence* HtV Ideiection requires 
both more spedfioty and the input of more total 
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„ UVpbowfff^pfay of FCR tubes cOTrtaininpaiM 
using EtBr tfi« art spedlfc to wW-type (A) or licWe ffi) alldes of 
tbchuinHD ^-dobin gene. The ld&<«<*Chl^r<rf tufc>c$ contaua 
aM«*tt>ecific primers to 0»e wild-type alleks. the rigKi lubc 
primers to the ^icWe aflek- The photograph was taken after 30 
cydcs of PCR, and the mput D>rAs and the alleles ihcy owitain 
9re indicated. iFl% tig of DNA was used to hCpXk FCR Typin;^ 
was done in trif^tc (5 pair* of PCHs) for eadi mpm DNA 
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nraatS Continttous^ real-time owiutorin^ of a PCR-A^bcr optk 
was «5cd to ciirry. exdtation ligftt to a PCR m F«>gr«sand ^ 
emHted Udu bad: to a flooromcter (sec ExpenmcntaJ mtoc^. 
AmplificaBcn using human m^do-DNA spaific onmcnt in a PCR 
5t»rSe with W flg of human male DNA (M, or m x control 
PCR wthout DNA {bottom), were, moniiorcd. Thmy cyde? of 
KIR were folWed for each, Tlie tcmpcratuie cycled between 
94*0 (dcnaniraticm) and 5a*C CanMaliug and extension). Note in 
the male DNA PC^t^ die cyde (time) <kpiw»cot irwaeasc in 
ftiiorcBccnce at the anrtealing/extcnMOT tcapetature. 
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DNA— lip to microgram amounte— iq order to have suf- 
ficient numbcre of target sequences. This larg« amount of 
iftaxting DNA m an ampH(iCatk)o sig&i&c^ntly imacases 
iht fc^ck^und fluorescence ortr whicb any additional 
fluorescence produced by PCR must be detected. An 
additional compHcadon that occurs wiih targets in low 
copy-number b the formation of the **primct-dimer" 
anifaar This is the rcsvix of the extension of one primer 
using the other pnmct as a tcjtnpSate. Although this occurs 
infrcqucntlyf once it occurt the extension product is a 
substrate for PGR ampJificadon, and can comp^c whh 
true PGR targets if those targets are rare. The primfer- 
dimcr product it of couT^e d$DNA «nd thus i* a potential 
fioutce of false signal in this homoffcneoat aii$ay. 

To increase PGR spedfidty and reduce the effect of 
pricner^dimer anlpUficatKHi, we axe inviestigaiing a rium- 
ber of approaches, including the use of nested-primer 
ampUficaiionft that cake place in a ^ngie tubc^t and the 
'liot-start*', in which nonspecific amptiticaHon is reduced 
by nusing the temperature of the reaction before DNA 
synthesis begins**. Prclhninary resuks using these ap- 
pmachcs suggest tbatpTwner-dimcT b effectively reduced 
and it is possible Co detect the incr^^ in EcBr fiuorcs- 
ccncc in a PGR instigated by a single HIV genome in a 
background of 10* ccdts. With larger numbcTB of ceHs, the 
background Ruoresccnce contribirted by genomic DNA 
becomes pTt>bleinatic. To reduce this background, it may 
be possible to use sequence^pecific DNA^binding dye^ 
that can be made to prcfcrentiaJly bind PGR product over 
genomk DNA by incorportting the dye-b>inding DNA 
sequettce into the PC3t product through a 5' "add-on" to . 
the oligonucleotide primer*'*. 

We nave shown ihac the detection of fluorescence 
generated by an EtBr-containing PGR b straightforward, 
both once PGR is cotnpkted and continuously during 
thermocyding. The ease with whtdt automation of spe- 
dRe DNA detection can be accomplished is the most 
ptotni$]T2g a«p«^ of this assay. The Huorescence analysis 
of completed PCRs is alreadypossiblc with cxi^tii^g instru- 
mentation in 96-wdI format**. In tliis format, the Buores- 
cencc in each PGR can be ^uantitated before, after, and 
even at *cicctjed points durmg therraocyciiTig by moving 
die rack of PCRs to a ^microwcll plate Huorescence 
reader**^. . 

The instrumentation necessary to continuously morutor 
multiple PGRs simultancoualy is also simple in principle. 
A direct c?c tension of the apparatus used here is to have 
multiple fiberopdcs transmit the c^tcitation light and flu- 
orescent emissions to and from multiple PCRs. The ability 
to monitor multiple PCRs continuously may jJlow quao- 
litation of target DNA copy number. Figure 5 fihows diat 
the lai^er the amount of starting target DNA, the sootner 
diiH>i(^ Pf^.R a fliiow?fieencc increase is detected. Prdimi- 
nary experiments <Higiichi and DoUinger, manuscript in 
preparation) *\*ith continuous morutoring have shown a 
sensitivity to two*fold differences in initiaJ target DNA 
concentradon. 

GonversclY* if the nutnber of target molecules is 
Iqi^owki — as it can be in genetic screcning-rcontinuous 
monitoring may provide a means pf detecting falgc posi- 
tive and false ncgattvc rc5ult$. With a known number of 
target moleoiks, a true po^dve wotdd e3i£hU)it detectat^e 
fluorescence by a predictable number of cydcs of PGR. 
Increases in fluorescence detected before or after thai 
cycle would indicate potential artifocte* False negative 
refluks due to» for example.. iniiibidon of DNA po^mcr^ 
ase, may be detected by induding within each PGR an 
inefBdendy ampHfying marker, Tfcs marker results tn a 
fluoreficence increase only after a large number of cy- 
cles— ^nany more than arc necessary co detca a true 



positive. If a sampJc fails Ui have a fluorescence increaie 
alter this xnany cycles, inhibition may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluoresccotoe signal alone, such controls rnay 
be important. In any event before any test based on this 
prindple is ready for the clinic^ an assessment of it^ faUe 
posidve^false negative rates wfll need to be obtained using 
a large number of known samji^es. 

In &ummar>*, the indusion in PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detca spcci&c DNA amplification from ouuidit 
die PGR tube. In the future^ instruments based upon this 
prindple may fadlitate the more widespread us« of PGR 
in applications that demand the h^h throughput of 
samples^ 

EXP£RMENTAL PftOTOOOL 

Haman HLA-DQa geute *mplifiaMi<»a cnatainii^ EtBr. 
PCRs were «et up in 100 volomes containing 10 mM Trtfr^HQ^ 
pH 8.3; 50 mM KCi; 4 m^^ MgCii: ?3 unio of Taq DNA 
polyiucfasc (Berkini^ElnKr CctoA, Nonralk* CT); 20 pniok! each 
of human HlA-DQa gene spcdfic oligonucleocide primers 
imtd and CH27» and apprajmnawly 10* copies of DQot PCK 
product diluted from a prtrvJous Teaction. Ethidium bromide 
(Et&n SigtKuO was used M Cbe oonocatrations indicaied in Fignre 
2* ThcFinocyding proceeded for 20 cvdes ift a modei 450 
dtcTHMxydcr (Perkm-EImcr Ccuw* Ncnralk, Ct) uanga "step- 
cydc" program of 94*C for 1 mSn^-denatuiaticui and 6(rG for "SO 
sec toneaEng and *7VC for 30 »ec. e&teflsio)D. 

Y-dkromoMniM: md&c PGR. PCRs (100 fd total reaoion 
voiunie) contajbingl)^ }i£An) J5tBr vfcrc prepared as described 
For HiA-DQct. except wiB> diflcrcnt primczt and target DNAs. 
These PCRs contained J 5 pmoh: eadi male DN A**peciljc prtmet^ 
YI. 1 and V 1.2", atid eidicr 60 ng nrale, 00 og female, 2 ng mak, 
or no human DNA. Thennocyding was WCToT ] min- and SO^ 
for I min wing a "rtep-cyde** program. The number of cycles for 
a sample were as tndicaied in FTgu»*e 3. fluprescencc measure- 
menf is ditscribed bdow. 

Allck-apcciacr haman ^globin ^cne PGXL Amplificauons of 
100 hJ volume' ^smg 0 5 ftg/ml of XiBr were prc^rcd as 
described tcr HLA-J>Q^ above cxoept with diScrcm^ primers and 
target DNAs. These PCRs contained eiiW. primer pair HGPS/ 
H0HA <wiW-tYpe globin speci&c prunci:s) or HOP2/llpl4S (sidc- 
le-giobin spcaiic primers) at 10 pmole <Sich primer per PGR, 
Utese primers were dc'^^eloped by Wu ct aL-^ Three dtffcrenii 
ucgei Ana* were iiitcd in separate amplificationsr-SO ng eaeb of 
human DNA that was homozygous for the »itkte trail (SS), DMA 
that was hctcmzyrous for the sfckle tratt (AS>» or DNA that 
homOJtyg^us for tftc w.t. gJobin CAA). Thcrmocycfing was Tor W 
cyclca at 94X; for 1 min. and SS'C for 1 min. 9 •'ncjMrytfe'' 
program. An annoAHog temperature oiSSX' bAdhcen shown vy 
Wo et al.^' lo provide ailde-spcdfic awplitotion. P^P[f.^.^^ 
PCRs were phcrtogranhcd through a red fitter <Wralicn_23A) 
after pladng the reacdon lube* aiop a model TM-^O transmurfti- 
natof <UV-produCtS Sati Gabrid, CA)l 

Fhioresccnce measnramciit. FUK>re*oencc Tncasurcraenis vfcre 
mad^ on PCRs contaSninl: EtBr in a Fluorolog»2 0ttoromtftcr 
(SPSX Edison, NJ). E?ccitation was at xht &00 nm band with 
Ahour 2 nm bandwiddi with ^fiO nm cui-off^w*'iMf?^' 
Grist Inc.. Irvine. CA) to cxdudc second-order light. Erontjd 
Ughi wa* detected at 5 VO nm wdi a band widd» of about 7 nm. An 
OG 630 nm cut-off filtcr was used to remove the cxdtadon hgjst. 

Condt^uouft RnoreRcence l uw u tok' in g of Connnomi* 
monitoring of a PGR in progress was accompiisbed using mC 
Bpcctrofluorometcr and setdnga dcscra?od above is weU as a 
fiberoptic accessory (SP£X cat no. 1950) lo both send cxcttajion 
ftgbt to, and tccdve emitted light from, a PGR pteccd m a wcU oj 
I model 480 chermocydcr (Ptrkin-Elmcr Celus). The probe end 
- - — ■ i 1 '••otbe 



the PGR tube and the end of the fiberoptic caWe were jliieldcd 
from room light and the rooco lights were kept danmed dut-mff 
C«cb run. The nnonisorcd PGR was an ampliricaiiflin of y-djio- 
mosomc^pcdfic repeat sequences as described above, except 
uQing an annealing/extension wmpcrauire of 50X. Thcrcacuon 
W35 eiovemJ -with n>ij>ejrtJ oil (2 drope) to prcvcttt evaporanon- 
Therroocyding and fluorescence rocasurcmcnt were starred si- 
multaneously, A time-base sc»n witft 'a lO second integradoii mnc 
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yiM UF<5d the <!mbsaoo signal was ratiocd to the cxcitattqif 
fligrtJtl to control for chBH^pss in li^t-iourcc intcnitity. i)!itn.wcrc 
fleeted using the cJni3w<)t, version S«5 (SFEX) cbta system. 
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IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 



Trauma, Shock and Sepsis 




The CD- 14 molecule is' expressed on the surface of 
monocytes and some macrophages. Membrane- 
bound CD-14 is a receptor for lipopotysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concenirailon of its soluble form is aJtered under 
certain patliologfca! conditions. There- is evidence for 
an Important rde of $C0-14.vvith pofytrauma, sepsis, 
burnings and inflammations. 
During septic condffions and acute infections 11 seerr^ 
to be a prognostic marker and is therefore of value in 
monftorlng these patients. 



IBL offers an ELISA for quantitative determination of 

soluble 00-14 in human serum, -piasma, ceii-cutture 

supernatants and other biological fluids. 

Assay features: 12x8 determinations 
(microSter strips), 
precoated wfih a specific 
monoctonai antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detection limit: 1 ng/ml 
CV: intra- and interassay < 8% 



for more information caHorfax 



i 



GESELLSCHAFT FOR IMMUNCHEMIE UND -BIOLOGIE MBH 

OSTERSTRASSE 86 • D- 2000 HAMBURG 20 • GERWANY- TEL. +40/491 00 61-64 • FAX +40 /40 11 98 

BIQTECHNQLOGV Va iQ <rBi.i99? 
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SIMUITANKHIS flffiPUFKAriOH AND DUECHON 
^OnC DIIA SeOUBiCiS 

Russell HiffuchiSGaviixDoIIiiigerSP-S^ 

Roche Molccu^Systcms. Inc. 1400 55td St^TESeryvilk, CA 94608. »a»roo Corporation, 1400 6St6 Su. EmoyvtHc, CA 
94608. ♦CoTTcsponding author. 



Wc have enhanced the polymCTasc chain 
teactioa (PGR) such that specific DNA 
sequences can be detected witihout open- 
ing the reactton tube. This enhaikceroeftt 
requires tfie addition of ethidium bromide 
EtBr) to a FCR- Since Ac fluorescence of 
EtBr increases in ^e presence of double* 
stranded (ds) DNA an increase in fiuoi^s* 
cence in such a PGR indicates a positive 
ampHficaiion, which can be eaisily moni- 
tored e>ctemally. In fact, amplification can 
be continuously monitored in order to 
follow its progiess. The ability to sirouha- 
neously ampfi^ specific DNA sequences 
and detect the product of the amplification 
both simplifi^ and improves PCR and 
may facilitate its automation and more 
widespread use in the clinic or in other 
sitiiatu>m requirhig high sample ^urough- 
put 



"dartyovtr" fi^lse positives in sgbsei^ucnt testing , 

Ihcse dowxwtrcam procjessiftg steps wuW be eton- 
nated if specific amplification and detection of Amptmcd 
DNA took place simultancoxwly vtthin an unopcntd re- 
action vessel Assays m whkh such different processes take 
place witboui the need to separate reaction coinponents 
have bcet^ termed ^'homogCTeous". No truly ftomogc- 
tieous PCR assay has been dcmortfitrated to date, although 
progress towards tliis end has been reported* C3ieliab, et 
a:'* developed a PCR product detection sch^c u$in|^ 
fluorescent primers that resuited in a fiuor^ent PCR 
product AUclc-fipedfic primers, c^di wth different fluo- 
res<itent tags, wen: used to indiGate the genotype of t^c 
3)NA. Hwever, the uninTOrporatfid pmncrs inust stUl be 
removed in a downstream process in order to visuahzj; the 
nrsult RcccnUy. HoUahd, ec aI>'^ developed a^assay m 
:which the endogenous 5' <;xd0udease assay of Ttfj DNA 
potytnerase was exploited to cleave a tebel<^^gonucleo- 
tide probe. The probe would only ckave 5f PCR nmpm- 
cation had produced its com^taenmy sequence. lu 
order to detect the dcavage p«odvrc&, however, a subsc- 
qmcnt process is again needed, 

Wc have developed a truly hoinogeneous assay tor PC.K 
and PGR product dctecdbn based upon tbc gready in- 
creased fluorescence that ethidiwro btoimde and oO»r 
ONA binding dyes exhibit wheo they are bound .to^5- 
E>NA^*-*®. As outbncd in Figure 1. a prototype PCR 



Although the potential benefits of PGR to clm- 
tcal i^gnosdcs arc v?eU kuowi^'^ '*, it is suU not 
widely used in this setting, even tliough it w 
four >'flarfi fiiuco thcnwiw^ble DNA potymer- 
astt** made PCR practical. Some of the reasons fonts slow 
acccpuncc are lugh cost, lack of automation of pre. and 
post-PCR processing steps, and false positive results, from 
carryover-contamination. The ftrst two points are related 
in that Ubor is the largest contributor to cost sit the present 
stage of PCR development. Mtwt Curretit assays require 
BOTPc form of "downstream" processing once tbermocy- 
ding is done in order to determine whether the m^Qt 
DNA sequence was present and has amplified. 
include DNA hybridi7xioon*-*, gel efectropho^'ns with or 
without use of rcstriaion digestion^;*, HFLC", or capdiary 
clectrophoTOls**^. Thes6 methods arc labor^ntense, have, 
low thmughpuu and are difi^cuk to automate. The third 
point is abo closdy related to downstream processmg. 
The handling of the PCR produa in these downstream 
processes increases the chances that amplified DNA will . 
spread throu^ the typing lab, resulting in a risk of 



I PCRcvctpO I 



/ 



isI^A pnnwc* 




rtt^/l sequence 



a»DNAfC»prote 

1 Mndplc of simultancoua 3mplificatkm and* detection of 

PCR producL The compoucntt of a PCR coowrinh^ EiBr that arc 
fluor&cem are listed— EiBr itself; EtBr bound to other ssDNA 
daDN A . There it a large fluorescence cnhanonncnt when EtBr Is 
bound to ONA and tSndiiiflr is gi*c»tly coKanccd when DNA is 
douhlc-stTandcd Ate spBdcat <n) cjdcj PGR, the .net 
iBCTGa^e m dsDNA T€5»dts in additional EtBr bioding. and & net 
inercfue in total fluom^ncc: 
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FWOidi % Gel dcctrophoresb of WSt simplification prixJiias of ihc 
humanT mtdcar gciic, HLA DQtt, mad« in the pr«*ttncc of 
inox^g amounts of EtBr (up lo 8 f^l^till). The presence of 
Et3r iKMt tio obv3ou9 effect on utc yield or spcciiidty of amplifi- 
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\ \ I / / 
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S (A) Ftootesce&ce mcasurcmcnU from PCRs that contaia 
0.5 ifc^c^ £lBr and that m specific for V-<])^tno$ojd[ic repeat 
»eqoeiioe«. Five rn^cate PCR* *«rt begun coTititinin^ each of the 
DNA$ spedAed. At eaeb mdiebtc^ cyde, one of the Bvc replicate 
PCRs for cskdtx DNA TffSs rcroovniid from thennocydmg and tt$ 
fiuOxesGcncc n)ca$ure4. Units of fluorescence »re ftTbhrair. (B) 
UV photography of PGR tulx:* (0,5 ml EppendOTf-atylc, 
pykne m*aio<entrifugc :tubc8) c6nt»Hung reactions* those .scatu 
ing from t ng male ON A and control reactions without Uny DKA, 
from (A). 



begins with pruners that are single-stranded DNA (ss' 
]DNA)» 4NTFs» ajwi DNA poljrmerasei An amount of 
diiDNA contaitiiiig the target sequence (target DNA) ifi 
also typically preaent. Thi$ ainouat can v<iry» depending 
on the application, from single-cell amounts of DNA^^ to 
micrograms per PCR^*, If EtBr 13 present^ the re^ent^i 
that will fluoresce, in order of incrcasjitg fliuorcsccnce, are 
free EtBr xt^clfi and EtBr bound to the single-ebrandcd 
DNA pHiuers and to the doublc^tranded target DNA (by 
its intercalation between the stacked bases of the DNA 
doublc-hctix). After the first denaturaiioti cydt^ tai^et 
DNA witi be largely sin^-stranded. After a FOR i& 
oompletcd, the xuosl significant chaixgt k the Increase in 
the amount of dsDN A (the PGR produa itself) of up to 
several mscrogntms- Formerly free EtBr is bound to the 
additioiial dsDNA* rcsuKcing in an increase in fluprcs- 
ccncc. There is also some decrease in the amount of 
ssDNA primer, but because the bindbig of ElBr to S6DNA 
is much ic$s than to dsDNA^ the effect of tbb change on 
the total fluorescence of the sample is stnaJL The Duorcs- 
cencjC increase can be measured by directing excitation 
tliumination thn>ugh the w^s of the amplification vessel 




before and after, or even ooniinuously durinjj, thermocv- 
ding, 

RESULTS 

PGR in the presence of £tBt. order to assess the 
effect of EtBr in FOR, amplifications of the human Hl,A 
DQa g*iie*^ vrere performed with the dye pment at 
concentrations from 0,06 to 8,0 M-S^ml (a ty^ital concen- 
tratibn of EtBr a<^d tn staining of nuckic actds fo]tk>wing 
gel ekcuxiphoresis is 0*5 p-g/njp. As shown in figure 2/g€3 
eleiitro^hoTcsis rcveaied liSle or no dificrencc in the yield 
or quality of die amplification product whether EtBr was 
absent or present at any of these concentrattons, indicat-. 
ing that EtBr does not inhibit PC^. 

Deteetkm of b^uaiaa Y-dhtti^ikOscmMs spedlic 9^- 
qnences* Sequence-Specific^ fluorescence enbanoement of 
EtBr a^ a result of FOR was demofistr^ted in a scnes of 
ampli&catk>ti£ containing 0,5 jig/mi EtBr and primers 
spedfic to repeat DNA sequences found on the human 
V-chromo«onic^. These FCRs initially contained cither 
60 ng male, 60 ng fetnaJc, 2 ng jualc human or no DNA. 
Five replicate PCRs were begun for each DNA* After Q, 
17, 21 , 24 and 29 cycles of thenuocyding, a PCR for each 
DNA was removed from the thermocyder, and Us fluo- 
rescence measured in a spcctroflnorometer and plotted 
V5, am{4ificadon cyde number (Fig. 3 A), The shape of this 
curve TcSccts the fact that by the time an increase in 
fluorescence can foe detected, the izicreasc in DNA is 
becoming linear and not exponential with cyde number; 
As shown r the fluorescence increased about three-fold 
over the bad^gnnmd fluorescence for the PCRs tjontain- 
iog human male DNA, but did not significantly increase 
for TiLCgative control PCR^ which contahied either no 
DNA or huiiian femak DNA. The more maJe DNA 
present to b<:gin with— 60 ne versus 2 ng-nthe fewer 
cydeJt were n<Jded to give a detectable increase in fluo- 
rescence. Od dectrophorests oo the products of these 
amplifications showed that DNA fragments of the ex- 
pected size were made in the male DNA containing 
reactiotis and that IkUe DN A iiyutbesis took place in the 
control samples. 

In addition, the increase in Buomccncc was visualized 
by OTnply laying the completed, unopened PCRs on a UV 
transiUuminatOr and photoginphing them through a red 
filter. This is shown in figure 5B lor tlie reactions thai 
began with ft ng mate DNA and chose with no DNA* 

Detection of specific aUek^ of the human ^-gtobtn 
gepe. In order to demonstrate that this approach has 
adequate spedfidty to allow genetic screening* a detection 
of the iskkfe-cdl anemia rautatiofl was performed* Fi^c 
4 shows the ftuotesccncc from conipfetcd ampiifitatio^is 

cx>ntakiniiag EtBr (0,5 |A.£^ml) :ikJ!i a«tAcuid by photography 

of the reaction cubes on a UV transiUmninator. These 
reactioRS were performed using primumi spedfic for ci* 
thcr the wild-type or sickk-cell mutation of the human 
^lobin gene* . The spedfidty for each allele is imparted 
by placing the sidde-mutadon site at the terminal 3' 
nudecrtidc of one primer. By using an appropnate primer 
annealing temperaturet pttm^ ottemioin^nd thus an^ 
plification — can take place only if the 3' nudeotide of the 
primer is coinpIemcDtary to the p-gloWn alJdc present^' ^. 

Eadi pair <>f ^iupliifications shown in Figure 4 consists of 
a reaction wid^ either the wildHype alidt Spedfic Qc(t 
tuhc) or sicklc-aUele spedfic (right tube) prime»». Three 
di£ferent DNAs were typed: DNA frDm a JM>mozygous, 
wiid-typc ^globin individual (AA); from a heterozygous 
sidde ^^Ipbin individual (AS); and from a homozygous 
sickle ^^obin mdrlidual (SS). Each DNA (!|0 ng genomic 
DNA to start e^ PGR) was RT»aiyzed in tripHcate (3 paiw 
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rcacrrons each). The DMA .type vas reflected in the ' 
L)ativ<i iiuotescence intcnside^ in each pair of comf^eted 
(,(j,plhSciitk>ii6. There was a significant increase in fluores- 
^oc otil/ vrherc a ^globin allele DNA matched (he 
pf{2Rcr jtet. WhcD measured - on a spcctrofltioromctcr 
Mat^ not shown)* this 6uQrc3cexxcc was about three tiznes 
j^t present in a FCR where both ^dobm alkies were 
jpbiti^tchcd to the pHmer set. Gel cfcctropbotcpis (not 
flhowii) e<caWishcd that this increase in fluorescence was 
due to Che synUieas of neatly a microgratn of a DNA 
fr^igmcnt of the expected size for p-^lobin. There was 
little synthesis of dsDNA m reactions m . which the allele- 
tf>cdf^c primer was mismatched to both alleles. 

Continvov.'? nM^ExhoTKog of a PCR. Usiag r fiber optic 
dcvke^H i,*^ po«sible to direct exditation Ulutsilnaiioa from 
P spectrofluorometer to a PGR vmdergoijig thcrmocycling 
and to retirm its fluorescence to the jipectroftuoromctCT. 
llic fluorescence readotit of such an amngement, di* 
^ctcd At an EtBr-contaiQing amplificadon of Y<hroiEO- 
fjQcac spcd6c scqweoccs from 25 of human male DNA* 
H shown in Fi^re 5. The readout from a control PGR 
villi no target DNA is also shown. Thirty cycles of PGR 
^erc monitored for each. 

The fluorescence trace ajs a function of time dearly 
show^i the effect of the thermocydicg. Fluorescence intpn- 
jdty OSes and .&db inversely with temperature* The fluo- 
rc^cnce intentdiy is minimum at the denaturation tem- 
perature (&4**C) and maxnnuin at die annCaUn^extension 
tcmpcratMie (5<rC). In the negative-control PCR, these 
6uorcscence m^ixima and oiinima do not dtiange sigoifl- 
cfintly over the thirty tbcrmocycks, indicatiiig that there is 
tittle dsDNA 9yntbe$is without the appropriate target 
DNA, and there is little if any WcswhiM of EtBr during 
the continuous illuniinatk>n iDf the sam|Me> 

Jn the FCR containing male DNA^ the fiqorcscence 
maximal at the annealing^excension temperature begin to 
IncTcaAe at about 4000 seconds of thennotycling, and 
continue to increase whh time, indicating that dsDNA is 
being produced at a detectable level. Note that the fluo- 
ie9ccnce mintma at the denatmatioo tetxtpctanire. do not 
aigniRcandy increase* prcJtimably because at thh temper- 
ature there is no d&DNA for EtBr to bind. Hius the course 
of the amplification is fblJowed by tracking the ftuores-, 
cenoe increase at the auneaHn^ temperature. Analysis of 
the products of these two amphficadons by gel eleetropho- 
rcpis showed ^ 0N A fragment of the cicpectcd size for the 
male DNA containing sample »nd no detectable DNA 
syniheju5% for the control sampfc* 

DISCUSSION 

DownstreArti processes such as hybridij^on to a se- 
qucnce-Apedflc probe caT>' enhance die specifidty of DNA 
dec^tivi^ \jy FCR. The cHnjioation of dicac proccasca 
means that the spcdfidiy of this homogeneous assay 
depends solely on that of FCR* In the case of sickle-cell 
dLte;ise, we have fihown that PGR alone ha5 sufficient DNA 
Acquence spcdfidty to permit j^encuc screening, Usttig 
appropriate amplification cotiditioiis, there is little txon* 
spcdfic producdon of dsDNA in the abectice of the 
?ippropriatc target allele; 

The spedfidty required to dcwxt pathogens can be 
more or less than dwt rctjuired to do genedc screening, 
depending on the number of pathogens in the $amt>1c and 
the amount of other DNA that must be taken with d:ie 
snmplc. A difFkruk target is HIV, which Tcquircs detection 
of a viraJ genome that can be at the level of » few ca^Aa 
per thotwanda of host ccUs*. Compared with genetic 
screening, which is performed on cdfa containing at least 
one copy of die target sequence* HIV detection requires 
both more specifidty and the inpxtt of more *otB< 
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. 4 UV photography of FCR tubes ccnrtmningJuM 
using EtBr ihst art spcafitc to wiW-type (A) or sickle ffi) a«d« of 
tbcmnnan ^-globin giaie. Tlw left of e^Chi&irirf tubes tontains 
^dt^spcdfic piimers to die wild-type aBdes« the right tube 
prixsKTS to th« sicWe afleks. The phoiowratA was taten afier SO 
cy^csof PGR, and the input DNAs airtl ihe alkies ihcycomain 
4Te indicated, f^ftf tog of DNA was used to bedn PGR Typing 
was done in tri}^tc (S pairs of KXs) for ea Ji input DNA: 



25"C 



20r>g of rnale DNA 



25 C 




94 C 



no DNA control 




"T : 1 

20O0 4000 6000 
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nemt $ Contknuous, rcaUirtic monitoring of a S*CR A fiber optk 
WBS TOcd to c?irry. cxdtation lig?it m a KJR in progr«s and also 
emHlfid light hoi to a fluoromctcr (bcc Exp«ntncntal Prt^toco*). 
Amptificadon UUt]^ human malcDNA spcafic pniBcn m s PGR 
Starting with 20 ng of human, male DNA {t<M>), or in a control 
PCR ^diout DNA (boltnm). w«re wnriorcd. Tbirtv wdcs of 
FCR were foliowed for each. n»e tcmpcmun; cycled betwe«rt 
94*C (dcnaturation) and 60T. Canwaliug and cxtcnwon). Note in 
the male DNA JH^.the cycle (dmc) d«pi»i^cf)t inorcasc in 
fluorescence at aniiealing/'extensiffla icmpetature. 
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DNA — up to microgram amoun&"HQ order to have suf- i 
ficicnt nv»inbCT8 of target sequences. This larg« amount of 
fltaxling DNA in an ampKBatioci signitondy wiacases 
the b^c^touncJ fluowcence 0ytr vrt>idt aur addnional 
fluorescence produced by PGR must be dcicctcfd. An 
additiona] compHcation that occuns wiih targets in low 
copy-number is the formation of the *'^rimer-dimet^ 
artifaa. This is the result of the extension of one primer 
using the other primer $5 a tciapSiite. Although this occurs 
infrequently^ Once it occur* the extension produa is a 
substrate for PGR amplification^ and can compete with 
true PGR targ^ets if tibosc targets are rare, fhe primer- 
dimer product is of course d$DNA and thus U a potential 
source of £aise sigtial in this homogeneous aA$ay, 

To Increase FCR spedfidty and reduce the eHcct of 
primep-dimcT anlpUfvcadkKi, we are investigatipg a num- 
ber of approaches, including the use of ncsted^primer 
ampliB<^om diat take pSace in sl single tube^r ^d the 
*'hot-start**, in which nonspecific ampUlkation ift reduced 
by raisiog the temperature of the reaction before DNA 
synthesis bcgins^^. Prdiminary resuks usbg these ap- 
prqaches sugi^e^t tbac-prionerHlimiCT is effectively reduced 
and it is possible to detect the increase in EcBt fluores- 
cence in a PGR instigated by a single HIV genome in a 
background of 10* ceils. With Larger numbei^ of ceUs, the 
background Ruorcscence contrihined by genomic DNA 
becomes prohleinatic. To. reduce ihis backgrouod, it may 
be possible to use fiequence«sped(ic DNA-^binding dye« 
that can be made toprcfcrentially Wnd PGR product over 
genomic DNA by incorportting the dye-binding DNA 
sequence into the PGR product uirmigh a 5' *add-on" to . 
the oligonucleotide primer*''. 

We nave shown that the detection of BuorescetKe 
generated by an EtEr-containing PCR is straightforward, 
both once PGR is completed and continuously during 
thermocyding. The ease with whtdl automadoo of spe- 
cific DNA detection can be accomplished is the most 
promising aspect of this assay. Tlie Huorescence analysis 
of completed PCRs is alreadypossiblc with csd'stir^g instru- 
mentation in 96-welS format^. In tlus format^ the fluores* 
cencc in each PCR can be ^uantitated before, after, and 
even at selected points during tberraocyciing by moving 
the rack of PCRs to a 96-microwcH plate fluorescence 
rcadcT^^. 

The instrumentation necessary to continuously mortilor 
multiple PCRs simultaneously is also simple in prindple. 
A direct e?ctjen«on of the apparatus used here is to have 
multiple fiberoprics transmit the c;idtation light and flu- 
orescent emissions to and froTu multiple PCRs. The ability 
to monitor multiple PCRs continuously may allow quao- 
liiadon of target DNA copy wumbet. Figure 5 shows that 
the laj^cr the amount of starting target DNA, the 8O0[ncr 
during PCR a fluorftscence increase is detected. Prclinii- 
nary experiments <Higuchi and DoUinger, manuscript in 
preparation) i^ith continuous monitoring have shown a 
sensitivity to two-fold differences in inidal target DNA 
eoncentradon. 

Gonversclyi if the number of target molecules is 
known — as ii can be in genetic screening— rcontinuoiis 
monitoring may provide a means pf detecting fal^c posi- 
tive and false negative result*. With a known number of 
target molecules, a true posidve would exhibit detectable 
fluorescetice by a predictable number of cycles of PGR. 
Increases in fluorescence detected before or after that 
cydc would indicate potendal artif^t^ False negative 
resuks due to» for example,, inhibition of DNA polymer- 
ase, may be detected by including within each PCR an 
inefBdcndy ampJifyijig marker. This marker tckuIcs in a 
Huoreficenf^ increase only after a large number of cy- 
cles— <many more than arc necessary to decea a truij 



positive. If a sample faUs to have a Ruorescence incresue 
alter this many cycles, inhajitton may be suspected. Since, 
in this assay, conclusions are drawn based on the presence 
or absence of fluoresccnoc signal alone, such controls rnay 
be important. In any event hefore any test based on this 
principle is ready for the dinicj an assessment of ttfe faUe 
posidve^false negative rates will need to be obtained using 
a large mirabcr of known samples. 

In i^ummary, the inclusion in PGR of dyes whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detect specihc DNA amplification from ouGsldit 
the PGR tube. In the future, instruments based upon this 
prindple may facilitate the more widespread use of PGR 
in applications that demand the h^h throughput of 
samples. 

EXPERIMENTAL PROTOOOt 

Kaman HLA-DOn geate AmpliBoMioas cnatainii^ EtQr. 
PCRs were set up in lOD volbmes coniaining 10 mM Trts^HQ, 
pH 8.3; 50 mM KCi; 4 rM MgOj: unit* of faa DNA 
polyiucrnsc (Pe!rkiii*E}mcr Ocma. Nonralk* CT); 20 piriolc cacti 
of humzn HlA-DQa ' gene specific oligonucieotioe primers 
(m$5 and CH27^' and approwmaicly 10* copies of DQa FCH 
product dihncd from a previous reactiw. Ethidium bromide 
(Et&n $ig^^> was used M the conocatrations indicated id Figure 
2* Thcnnocyding proceeded for 20 cvcles in a mode! 4JM) 
thcrHiocyclcr <PeT»tin-Elmcr Ccui*, Nonralk, CT) uang a "step- 
cycle" procjaxn of 94*C for J nan,- dcnaiuTcilion and 6<rC fortO 
sec antveaW and 72*^0 for 30 sec. e&tenstox). 

Y^rmnosmsx vprdfic PCR. POR^ QOO fd total readioo 
volume) contahiingl)^ jt^ml EtBr were prepared as described 
for H3^-DQo(t except widx diflcrcnt primers and target DNAs. 
These PCRs cont^tied ] ^ pmolc cadi male DNA-speciilc prtmen 
YI.) and arid cither 60 ng nralc, 00 ogfcnwie, 2 ng male, 

or no human DNA. ThennOcyditig was W^TOT I nun- and SO'JC 
for 1 min using a "rtcp-cyde** ptof^ram. The nujnber of cycles fer 
a samjAe were as tnoicated in Flgui^e 3. Fluorescence measure- 
ment IS ditseribed below. 

AUek-spccific^ homan ^-globin ^cvte PGR. AmpUftcaiions of 
100 pJ vSumc' «tm^ 0-5 MfiAnI of ZiBr were prcjKirtsd as 
described for HLA-DQa above except with diSercnt pruncr» and 
target DNAs. These PCRs cOtuained eiiher. primer pair HOTii 
H^HA <w»a-type globin ^peciac primers) or HOP2/IlpHS (shA- 
le-giobin spedfic primers) at 10 pmole eiJich piimcr per FCR, 
Tlvese ptimcrr were developed Ijy Wu ct aL^^ Three different 
target mi An were tucd in separate amplifications!— 50 n$ each of 
human DNA that was bontosygous for the Jticklc trait (5S). DNA 
that was hetemrygous for the stckle traH <A$)» or DNA thai was 
homoxygous for the w.t. ^obin (AA). ThcrmocycEng wa$ fftr SO 
cycles at WC for 1 min. and $5*C for 1 min. itfiitji n ".stcjMiyc^- 
progTam. An annealmg timpcramre of ^5X; ba^l 1>een .ihown DV 
Wo ct al^' to provide allde-spcdfic atppliftcation* Completed 
PCRs were phcrtographcd through a red fitter (Wratien 23A) 
after pladng the reaencm lubes atop a model TM-^O ir^nsiHumi- 
nator (UV-products SaO'G«brid, CA). 

FKiatescence measnreinetit. FlwOte«»t>ce nicasurcmcnis were 
made oh PCRs containing EtBr in a FluoroIog-2 jauoromctcr 
^PEX* Edison, NJ). twitation was at the 500 nm band with 
ahour t nm bandwiddi with « GO 43S nm cut-off , filler jMcllcs 
Grist. Inc.* Irvine. CA) to exclude sccomd-order light. Emitted 
yght was detected at 5 VO nm with a bartdwidil* of about 7 nm. An 
OG 530 urn cut-off jfi^tcr was used to renvove die cxdtation h^t- 

Contimtotiik ftnoresicence immiMtng of- FCR, Coi>dnu^ 
monitoring oif a PCR in progress was accomplished using oic 
spcctrofiuorometer and setdnga descrtbod above 4s weW as a 
fiberoptic accessory (SPJ&X cat no. 1950) lO both send cjcatajjoa 
light to. and receive emittsd light from, a PCR pteccd in a weU « 
a model *aO *enxK>cydcr (Pcrkm-Elmcr C'Ctus). The probe efld 
of the fiberoptic cable was attached wiili "5 o^ttt.ute-cpox}** to th*! 




frc»n room light and the room light* were kept dimmed during 
each run. The moniLorcd PCR was an ampliticaufln of V-ajTO* 
mosoniMpcdfic repeat scqweflces as described above, except 
u^ing an annealing/extension lemperauirc of 50^. The rcacuon 
was e^veted with mtiy^ <»» (2 drops) to prevent evaporauon- 
Tbcrroocyding and fluorescence rocasurcmcnt were started si- 
multaneously. A time-base se»n with a 10 socond integradeiy tune 
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uF«d iind the embfdon s^nal was latiocd to tbr cxcitattoq:) 
nlgiA^tl to ocmtrot Ibr chan^ in li^t-iourcc intcnitity. 6ata.wcre 
ijJSllccied using the dra3000f» version 2.5 data systcm- 

Wc ^h^^tlK Bob Jones for help wHh f.he spectrofluormctric 
inttiuo^c<»'^>tK And HcatherSell Fonjy for cdrdog this manuxripL 
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fMMUNO BlOLOGiCAL LABOf^ATORJES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CD-I 4 molecule is* expressed on the surface of 
monocytes and some macrophages. Membrane- 
boimd CD -14 is a receptor for lipopolysacchaTide 
(LPS) compiexed to LPS-8inciir>g-Proteir^ (LBP). "me 
conceniratlon of Jts soluble form is aftered under 
certain patlToIogteal conditions. There- is evidence for 
an Important role of sCD-14Avith pofytrauma, sepsis, 
burnings and inflamrrations. 
During septic oorvditions and acute infections il seems 
to be a prognostic mariner and is therefore of veJue In 
monitoring these patients. 



IBL offers an ELISA for quantitative determination of 
soiubl© CD-I 4 in human serum, -piasma, cell-cuiture 
supernatants and other biological fluids. 
Assay features: 12x8 determlnafons 

(microSter strips), 

precoated with a specific 

monoctonal antibody, 

2x1 hour incubation. 

standard range: 3-96 rig/rrii 

detection limit: 1 ng/ml 

CV: intra- and interessay < 8% 



for more information call or fax 



GESELLSCHAFT FUR I MM UNO HEM IE UND -BIOLOGIE MBH 

OSTERSTRASSE 86 -D- 2000 HAMBURG 20 -GERMANY -TEL. +40/49100 61-64 • FAX +40 MO 11 98 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Ciusti; and Karin Deetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404 




The 5' nuclease PCR assay detects the 
accumulation of specific PCR product 
by hyfaridixation and cleavage of a 
double-labeled fluorogenic probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 
both a reporter fluorescent clye and a 
quencher dye attached. An Increase 
In reporter fluorescence intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the S' nucte- 
blytlc activity of Tag DMA polymerase. 
In this study, probes with the 
quencher dye attached to ^ mcernal 
nucleotide were comp^i^ii with 
probes with the quencher dye at- 
tached to the 3'-end nucleotide. In all 
cases, the reporter dye was attached 
to the 5' end. All intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal in the 5' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3'-end nucleotide also exhibited 
an Increase In reporter fluorescence 
intensity when hybridized to a com* 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybridiza- 
tion probes. 



A% homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genic probe was described by Lee et al/^\ 
The assay exploits the 5'->3' nucle- 
olytic activity of Taq DNA poly- 
raerase^^^^ and is diagramed in Figure 1. 
The fluorogenic probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET).^*'^* During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' ^ 3' nucleolytlc 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an Increase in fluorescein fluores- 
cence intensity because the fluorescein 
is no longer quenched. The increase in 
fluorescein fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes.^*^ Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the S' nuclease 



PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 
Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6<arboxyfluorescein (6- 
FAM) phosphoraniidite, 6-carboxytet- 
ramethylrhodamine sucdnimidyl ester 
(TAMRA NHS ester), and PhosphaUnk 
for attaching a 3'-blocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesiser (Applied 
Biosystems). Primer and complement 
oligonucleotides were purified using 
Oligo Purification Cartridges (Applied 
Biosystems). Double-lal>eled probes were 
synthesized with 6-FAM-labeIed phos- 
phoramidite at the 5' end, LAN replacing 
one of the Ts in the sequence, and Phos- 
phalink at the 3' end. Following de- 
protection and ethanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide in 250 
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mM Na-bicarbonate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore Cg 220x 4.6- 
mm column with 7-MJn particle size. The 
column was developed with a 24-min 
linear gradient of &-20% acetonitrile in 
0.1 M TEAA (triethylamine acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the lAN-TAMRA moiety. For example, 
probe Al-7 has sequence Al with LAN- 
TAMRAat nucleotide position 7 from the 
5' end. 



PCR Systemi 

All PCR amplifications were perfonned 
In the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using 50-jjlI reactions that con- 
tamed 10 mM Tris-HCl (pH 8.3), 50 mu 
KCl, 200 jtM dATP, 200 jiw dCTP, 200 jj^ 
dGTP, 400 M-M dUTP, 0.5 unit of AmpEr- 
ase uracil \-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpliTaq DNA poly 
merase (Perkin-Elmer). A 29S-bp seg 
ment from exon 3 of the human p-actin 



se- 
was 



gene (nucleotides 2141-2435 in the 
quence of Naka)lma-U)ima et al.)^^^ 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al/**^ Actin am- 
plification reactions contained 4 mM 
MgClz, 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was SO^C 
{2 min), 95X (10 min), 40 cycles of 95X 
(20 sec), 60°C (1 min), and hold at 72X. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCl2, 1 ng of plasmid DNA, 50 nM P2 or 
PS probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was 50°C (2 min), gS^C (10 min), 25 cy- 
cles of 95"C (20 sec), STC (I min), and 
hold at 72'^C. 



Fluorescence Detection 

For each arapUfication reaction, a 40-^,1 
aliquot of a sample was transferred to an 
individual well of a white, 96-well miao- 
titer plate (Perkin-Elmer). Huorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-SOB System, which consists of a 
luminescence spectrometer with plate 
reader assembly, a 485-nm excitation fU- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a S-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q value) using a lO-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission Intensity of a buffer blank 
is subtracted for each wavelength. Sec- 
i ond, emission intensity of the reporter Is 



TABLE 1 Sequences of Oligonucleotides 



Name 



Type 



Sequence 



F119 

R119 

P2 

P2C 

P5 

P5C 

AFl' 

ARP 

Al 

AlC 

A3 

A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
probe 

complement 
probe 
complement 



ACCCACAGGAACTGATCACCACrC 
ATGTCGCGTTCCGGCrGACGTTGTGC 
TCGCATTAClGATCGTrGCCAACCAGlp 
GTACTGGrrGGCAACGATCAGTAATGCGATG 

CGGAITrGCTGGTATCTATGACAAGGATp 
TTCATCCrTGTCATAGATACCAGCAAATCCG 

TCACCCACACTGTGCCCATCTACGA 

CAGCGGAACCGCiX:ATrGCCAATGG 

ATCCCCICCCCCATGCCATCCTGCGlp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCrGGACITCGAGGAAGAGATp 
CCATCfCTTGCTCGAAGTCCAGGGCGAC^ 



. 'Jr^ur^^^e assav and complement used to hybnOlze to uie corrcipuiiu.»e f* ; 

"I s the uS^^^^^ a posiUon where LAN with TAMRA attached was subsri 

Kited for a T. (p) The presence of a 3' phosphate on each probe. 
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A1-2 RaQgccctcccccatgccatcctgcgt^ 

A1-7 RATGCCCQCCCCCATGCCATCCTGCGTp 

A1-14 RATGCCXrrCCCCCAQGCCATCCTGCGTp 

A1 -1 9 Ratgccctcccx:catgccaQcctgcgtp 

A1-22 Ratgocctccxx:catgccatccQgogtp 

A1 -26 RatgccctcccccatgccatcctgcgQp 



Probe 


516 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+ temp. 


no tefnp. 


•ftemp. 








A1.2 


25.5 ±2.1 


32.7 ±1.9 


38.2 ± 3.0 


38.2 ±2.0 


0.67 ±0.01 


0.86 ±0.06 


0.19 + 0.06 


A1-7 


53.5 ±4.3 


395.1 ±21.4 


108.5 ±6.3 


110.3 ±5.3 


0.49 ±0.03 


3.58±0.17 


3.09 ±0.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


109.7 ±5.3 


93.1 ±6.3 


1.16 ±0.02 


4.34 ±0.15 


3,18±0.15 


A1-19 


187.5 ±17.9 


422,7 ±7.7 


70.3 ±7.4 


73.0 ±2,8 


2.67 ±0.05 


5.80 ±0.15 


3.13±0.16 


A1-22 


224.6 ±9.4 


462.2 ±43.6 


100.0 ±4.0 


96.2 + 9.6 


2.25±0.03 


5.0210.11 


2.77 ±0.12 


A1-26 


ieo.2±8.9 


454.1 ±18.4 


93.1 ±5.4 


90.7 ±3.2 


1.72 ±0.02 


5.01 ±0.08 


3.29 ±0.08 



FIGURE 2 Results of 5' nuclease assay comparing ^ctln probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PGR amplifications containing the in- 
dicated probes were performed^ and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average ±1 s.D. for six reactions run without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ~ and RQ* values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
reaction tube. This nonnalizes for well- 
to-well variations in probe concentra- 
tion and fluorescence mea.surement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein reporter 
and rhodamine quencher w^re tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance in the 5' nuclease PGR as- 
say. These probes hybridize to a target 



sequence in the human p-actln gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PGR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PGR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PGR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PGR am* 
piification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncteaved. It is mainly for this reason 
that the fluorescence Intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ" depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values Indi- 
cate that probes Al-14, Al-19, Al-22, dnd 
Al-26 probably have reduced quenching 
as compared with Al-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant Inaease in reporter 
fluorescence when each of these probes 
is cleaved during PGR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the S' end, three additional pairs of 
probes were tested in the 5' nuclease 
PGR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other h^s TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the intemal 
quencher. The RQ"* values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench effidendy the 



TABLE 2 Results of 5' Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide 



518 nm 582 nm 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ- 


RQ+ 


ARQ 


A3-6 


54.6 ± 3.2 


84.8 ± 3.7 


116.2 ±6.4 


115.6 ± 2.5 


0.47 ± 0.02 


0.73 :!: 0.03 


0.26 ± 0.04 


A3-24 


72.1 ± 2.9 


236,5 ± 11.1 


84.2 ± 4.0 


90.2 ± 3.8 


0.86 ± 0.02 


2.62 ±0.05 


1.76 ± 0.05 


P2-7 


82.8 ± 4.4 


384.0 ±34.1 


105.1 ± 6.4 


120.4 ± 10.2 


0.79 ± 0.02 


3.19 + 0.16 


2.40 ± 0.16 


P2-27 


113.4 ± 6.6 


555.4 + 14.1 


140.7 ± 8.5 


118.7 ±4.8 


O.Bl ± 0,01 


4.68 ± 0.10 


3.88 ± 0.10 


P5-10 


77,5 ± 6.5 


244,4 ± 15.9 


86.7 ± 4.3 


95.8 2: 6.7 


0.89 ± 0.05 


2.55 ± 0.06 


1.66 ± 0.08 


P5.28 


64.0 ± S.2 


333.6 ±12.1 


100.6 ± 6.1 


94.7 ± 6.3 


0.63 ± 0-02 


3,53 :t 0.12 


2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as desaibed in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the 5' nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculathig 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg^"*" effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a hinction of Mg^^ concentra- 
tion. With TAMRA attached near the 5' 
end (probe Al -2 or Al-7), the RQ value at 
0 mw Mg^"" Is only slightly higher thari 
RQ at 10 mM Mg^"*". For probes Al-19; 
Al-22, and Al-26, the RQ values at 0 nrn 
Mg^* are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marlced de- 
crease in RQ at 1 niM Mg^"^ followed by 
a gradual decline as the Mg^^ concen- 
tration Increases to 10 mM. Probe Al-14 
shows an Intermediate RQ value at 0 mM 
Mg^"*" with a gradual decline at higher 
Mg^"*" concentrations. In a low-salt en- 
vironment with no Mg^-" present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg^'' ions acts to 
shield the negative charge of the phos- 
phate backbone so that the ohgonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg^'' effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems the rhodamine dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end. This ImpUes that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conforma- 
tions where the TAMRA Is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



582 nm 



RQ 



Probe 



ss 



ds 



ss 



ds 



ss 



ds 



Al-7 

Al-26 

A3-6 

A3-24 

P2-7 

P2-27 

P5-10 

P5-28 



27.75 
43.31 
16.7S 
30.05 
35.02 
39.89 
27.34 
33.65 



68.53 
509.38 

62.88 
578.64 

70.13 
320.47 
144.85 
462.29 



61.08 
53.50 
39.33 
67.72 
54.63 
65.10 
61.95 
72.39 



138.18 
93.86 
165.57 
140.25 
121.09 
61.13 
165.54 
104.61 



0.45 
0.81 
0.43 
0.45 
0.64 
0.61 
0.44 
0.46 



0.50 
5.43 
0,38 
3.21 
0.58 
5,25 
0.87 
4.43 



(ss)Single.stranded. The fluorescence emissions at 518or 582 nm for ^^^^J^f /^^^^^ 
concentration of 50 nM indicated probe, 10 mM Trls-HCl (pH 8.3), 50 mM KCl and 10 niM MgO^ 
(ds) Double-stranded. The solutions comalned, in addition, 100 hm AlC f<>;; P'o^^^^^^^^^ 
Al-k 100 nM A3C for probes A3-6 and A3-24, 100 nvi P2C for probes PZ.7 and P^27. or ICK) DM 
P5C fir probes PS-IO aAd P5-28- Before the addition of MgCI, 1 20 id of each sample was heated 
at 95^ for 5 min. Following the addition of 80 »d of 25 mM MgCl,, each .ample was allowed to 
2,01 to room temperature and the ttuorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but. rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state Is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example, Ta- 
ble 3 shows that hybridization of probes 
Al-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest Increase in 
TAMRA fluorescence at 582 run. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a decrease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PGR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifles 
the design of probes for the 5' nuclease 
PGR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5' nuclease PGR assay. The first factor is 
the degree of quenching observed In the 
Intact probe. This is characterized by the 
value of RQ , which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template contro^ PGR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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FIGURE 3 Effect of Mg^^concentration on RQ ratio for the Al series of probes. The Quorescence 
emission intensity at 518 and 582 nm was measured for solutions containing 50 hm probe, 10 mw 
Tris-HQ {pH 8.3), 50 mM KQ, and varying amounts (0-10 mM) of MgQi. The calculated RQ 
ratios (518 run intensity divided by 582 rnn intensity) are plotted vs. MgOj concentration (mM 
Mg). The key {upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe Tfai presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DMA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/^^ 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internaliy placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
is less clear-cut The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the In- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the PS probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPDC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and P5 
probes, ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not Increase when the quencher Is 
placed closer to the 3' end. This illus- 



trates the importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PGR assay. In this 
assay, an inaease in the Intensity of re- 
porter fluorescence is observed only 
when the probe Is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the S' nuclease PGR assay is to me 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the 
of a probe. In fact, a 2'*C-3°C reduction 
in has been observed for two probes 
with internally attached TAMRAs.^^^ This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with Internal quenchers. 

The combination of Inaeased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchen probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with intenudly labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PGR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al.^^^ demonstrated that allele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant Their probes had TAMRA 
attached to the seventh nucleotide from 
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the S' end and were designed so that any 
mismatches were l>etween the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an Internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibiUty of a single-stranded oii- 
gonucleotide. The inaease in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not. Thus^ 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detea hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
pUcatlons. Bagwell et aL<*^^ describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenchiog. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PGR ariiplifi- 
cation. 
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Wc have developed a novel "real time" quamiuilvc PCR method. The method meacura PCR p»t>c1nn 
accumulation through a duaHabdtJ nuoiogenlc probe (U. T.qMan Prob6). This mclhori Provides very 
accurate and reproducible quantUation of ^enc copies. Unlike other quaniilallvft PCR methods, rcai-Ume PCR 
does nor requite po«-PCR sample handling, prev«nilng potential PCR product carryover contamination and 
resulting In much fasier and higher throughput assays. The r^.U\mt^ PCR method has a very large dynamic 
range of starting tarfiet molecule deiermtnatlon (at least Hvc orders of maenuudc), ReaMlme auaniliarlvc 
PCR is cxiremcly accurate and less Ubcr-intaisJve than airrent quantitative PCR methods. 



Quantitative ni)cleic acid s«quer)CC iuiaiysjs lias 
had an important nile iii many fields of liiologi- 
cal research. Mcasuicnieiit of gciit cixpresslon 
(RNA) has bttttii u.<icd extensively In njoniioiing 
biological responses lo various ^1inluli fl'au al> 
1 99^5; HviaiiR cl al. 1995a,l); Prud'hommc yt al. 
1995), Quaniiiatlvc geni? analysis (r;NA) has 
iH-cii U5cd Ui dtti^i minc the ^cnunio 4U4iiiiiy of ? 
particular gene, as in the case ot the human H1U<2 
gciu% w)iich Is amplifieti in -30% of breast tu- 
mors (Slamon ei al. 1987). CJcnc and gcnoim* 
quantitation (DNA and UNA) also have been used 
for analysis of huuian inununodcficicncy virus 
(ilJV) burden dcnionst rating changes in the lev- 
eis of viriw thioughoui the different phases of the 
disease (Connor t;t al. !993; PlHtak ci al. jyy:m; 
J uTtado el al. IVVb), 

Many methods havt! heen dcscrlhc.d for the. 
quantitative analysis ot nucleic acid secjucnccs 
(both for RNA and DNA; iiouth<?rii VJ/b; S)iarp ci 
al. 1980; Thoinas 19H0)- Recently, PCR lias 
proven to bt* a powerful tool for quantitative 
nucleic acid anal>'sl5. PCJR and reverse transcrip- 
tase: (K n-PCR have peimittcd Ihc analysis of 
minimal stiirtlng quantities of nucleic acid (as 
Utile as one cell equivalent). This has made, pos- 
sible many cxperirnonls that could not hnve hten 
performed with tradiiional methods. Although 
pCR has provided a ]>owcrfu] tool, it is imperative 



that h be uavU propcrJy for qunntitui\lon (tt»iiy- 
maekers Many early rejxjrls of qvant**^- 

tivr PCK and RT-PCR described (juantilotion o( 
the rCR product but did not measure the initial 
target s^^cjucncc quantity. It is essentiaJ to design 
proper controls for the quantitation of the initial 
target .sequences (Hcrrc 1992; Clenientl et al 
100?.) 

KeNi^fifcheis have, developed several methods 
of quantitative* I'CM, and RT-PCR, One approach 
measures 1*CR product quantity in the l<jg phase 
of the reacilon before the plateau (Kellogg et al. 
1990; Pang et a). 1990). This method requires 
ihai each sample: 'las equal Input amounts of 
nucleic add and that each somple under analysis 
amplifies wiili idciH efficiency up to the. point 
of quuiujlalivc analysis. A gene sequence (con- 
tained in ill! .saniplcs ot Tfilativcly constant quan- 
litittt, such as p-aclln) c:x\\ be us«d for sample* 
ujiiphTicatjon efHcicncy normalization. Usiny 
conventional jne.thods of PC:r dctertion and 
quantitalton (gci electrophoresis or plaic capture 
hyhridizattrm)* it cixiremcly laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for both the targcl gene and the 
normalization gene), Another method, quanllta^ 
live competitive (QC)"1^'R. has been developed 
and is thscd widely for PCR quantitation. (JC-PCR 
ntlics on the inclusion of an internal control 
-compcMlor ij) each reaction (Becker-Andre 1991; 
Matalc el al. 1093«,!>). The c^Qcloncy of each re- 
action is nomialli^d to the intcrnol compc:titftr. 
A ifnnwn amount of Inie-jiiaJ competitor <^an bo 
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addod in each fiuniplc. To obtain relative QUTinU 
totlon, Ihc unknown larRcl T'CR pKKUiri is an)j* 
])orcd Willi ihe known conipctit^>r It'IK product. 
Success of 11 <j ij a n 1 1 1 a H vc coi npc i i Uvo l*CU assay 
relics Of! acvcloplng an ttitcnuti (,vmn>l Hint am- 
jilifii-rs Willi the same efficiency as ihc uuh^i mol. 
cculc. TJlC design of thL' coinpctJtoi «iiU Ihv vn)l- 
caiion of ampllficailon cffjUcnLric^ jcquirc a 
<lcdlcatcU cffoxl. Huwevci*, l>ccnwsc QCM^<:h do<»!t 
not require [hai K*U jntKlucts be tttinXyyxrd during 
Che loj; phn^c of lliv. iiiujjiificalion, it js tin; ciisiCT 
uf thr two methods to u:ie, 

Severjjl di*t*iclUjn xyiilcuu wjc u:»cd for quan 
iHtttive PCK «ncl R'l-nc:U ajittlysjs: (1) ai;art>.'so 
gViN, (2) iluonra*.^!!* !aljeJlii>; uf Kill f^ioducis njid 
etc lection with In.icTT-iiKliic:cd HucircAecncc uaUi^ 
capillary elitmtjptioTurtis (h«»co cl aJ. 1995; W»- 
IMms CT al. 1996) or acrylaiiitdc gvb, ond (3) jiUiie 
capUiTtt and sandwich probe hybrid !/^n it >tt (Mul- 
der el al. 1994). Altliouj^h these uietluHls jjrovt^d 
SUCCCSSfuU each metliod ruqvilrcs po:it-3*CR ma- 
nlpularlons that ;uUI tlinf. to the <uialyMs ioiO 
(n«y lead to JitboMito^y t i>nlrtiriuiaiion. The 
sain})le diiuughpul uf Uior |ll^tl"^d^ l-s limited 
(wil)i llur exception of the plttlc cnpturc ap- 
proiK'h), nnd, ihcriifor^:, ihcac mcdiodii ore not 
Yv^ll >ujlttv2 fuj u>i:s* dviiictndi'ii^ high snmplc 
Throughput (I.e., .screening ^«*TS^' niunbers of 

littjiuiilrwulv^ i»i uiialy/.lil^ ^«Hjuplwra (\fi diagilub' 
tlc> or cliiiiCfil IriAl^s), 

1 Utrc we rtTjjf^rt the dcvo.ti jpincnt of a novel 
iiHssxy for <iuantltative DNA aiialyslft. Tlie tkusay is 
briscd on usr of ihtt »S' nuC'U'teSf assay first 
described by Hollund et al. (1993). TJic njvUiod 
u.siut ihc 5' ttuclca.ic ftciiviiy a('l\uf |>t;lyinc.rtiAC lo 
tricavc a nonc?ctcndll>U: hybridlzfUion prohc dur- 
Inji^ T>ic cTctcn.sion phosr of I'CU. T>u: (tppru^ch 
uses duiil-lflbclcd fluoro^jcnic hyhridl/.ullon 
probes (tec. ct i»3. 19i)3; J^osslcr ct id. 19f^3; MvaU 
ci h1, J$9fio,l7), One fluorescwnt dyv nerves ti 
reporter |FAM (i.e., (^Ciirbpxynuorv:*eeiii)| nnd its 
emission spectra is quenched by the second fluo- 
r^tse.rnt dyf:, TAMUA (l.ft., ^j-crarixixy-ietrametl^yl- 
rliodaminc). The nuclease degradation of the hy- 
brldlwitloii probe rt'lvaNCN the quenchinj; of llje 
TAM fiuorcsceiil emission^ rebidtinK iii li> 
cTcuse hi peak fluorescent emission at niti, 
'I'Jie use of <i sequence dctccior (AUJ I'rism) n J Iowa 
mcasuTcniem of fiuorescwit x]>cctni of dll 96 wells 
uf rhe incrmal cycler contlnuomly Uurtn^ »hc 
rC^K iimplaflcaTlon. Thorcfurc, ilie rcuclions oit: 
iiionitorc-d 111 i-eal liuie. The ou(pi'» data is de- 
scribed and quajnUative ujudysb tif input (iii>;ci 
DNA Acqucncw L5 discussed below. 



RESULTS 



PGR Product Derealon Jii R^rfl Time 

11ic gold vvjis to develop a high-ihrtnighput, sen- 
sitive, »n<l ni;i-«ratc j^cne quwnlhatlon assay for 
U5C In mnnhoring lipid mediated thftrapouTic 
gene dHivo.ry. A plasinld encoding human factor 
VIU gene .'iCKjuence, pI-STM (soc Methods), wax 
u-scd as a incxW-l OuirapeiUie kwu:. Tho assay uso<i 
flunrcsccni Taqman mothodoiot»y and an inslru- 
monl uijjablu a( nieasiiring nuorcscence in real 
lioie (Alii Pxisni 7700 .Sequence Oclcclnr). Ilu! 
T«qiu;iit reaction requires » hybridation prnhr 
Ittlxricd witii two different fluorescent dyes. One 
dye is a fCportur dy« (I-'AM), the otKe-r ix :i quonch- 
iiig dye (TAMRA). When the pn.U: ia inlacl, fluo- 
lesccnt energy transfer occurs and the reportor 
dye nuorc:ie:<:nt emission is pb?»orbcd by the 
quenching dye (TAVfRA). During tlie extension 
phase of the I'CK cycle, Ihft riiiorescx'ni hybrid- 
l/..'jlli^ri probe K cleaved by the 5'-'V nuclcolytic 
activity nfthc DNA polymerase. On dcavagc of 
the probe, the reporter dye emission is nt> ]un)io.r 
tran.nfcrred efficiently to the qviCfU-.hinK dye. re 
sultioK b» an Increase of the reporter dyy ftuoret- 
ceiit cmi-t.-*!"" ftp^-Cira, VCIX priincrs and probcw 
vrere derii^iunl foi lliu human fcielor VI 1 J se- 
quence and human p-actin gene (a.t described in 
Methods). Opiiuiizftlion reactions wgrc per- 
formed lo choose the appropriate prol>e und 
magnesium conccnualions yielding ihe IukIh-^i 
Iniejwhy of fe-|X)ncr fluorescent sigmil without 
soerlfking specincity. The InMrumcml uses a 
chhrj^i:- coupled device (i.e., CCD camera) for 
measuring the fluorescent emission apeetn> frum 
Fi(H) t(i 6S0 nn». ICacli VCM tube was moantured 
sequentially for 2/> rn.sci: wlih continuous moni- 
toring lhr<.nighotlt the ouiplifieulioii. Uach I VI be 
wan rr-cAandncd every H.5 ;tcc. Computer s<>fl- 
ware. was dcrsigned to examiiir the fluorescent In- 
tensity of both the rei>orte.r dye (I'AM) and 
the quenching dye CrAMilA), *J'>»c Ihiorcsccnt 
lntej)sity of the quenching dye, TAMRA, chang^.*s 
very linle over the course of the PGR ampllfi* 
cation (data not shown). Thcrttfore., the intensity 
of TAMllA dye emission serves as an Imernal 
.niaiidard with which lo Tiormull>x; the reporter 
dye (l^AM) cmlsAlon vnriatJoiis, l*l^e .software cul- 
eulale» %i vcilue termed ^Kn (or 6^^<i) using the 
following equation: ARn - (lln'') (Hm*"), where 
Rn"* erniSHlun iulensity i>t rcpofler/emissi*>n in- 
tensity of quencher al any given time In a roae 
don tube, and Rn r- emission Inttmsitity of re- 
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prior 10 rCU iUnplilicaUon in th;ir same roiiotiun 
tube. I'or the purpose of quaiituation, thv U.si 
three data }>ujms (ARJ)S) colicc-ti:U ilurlng Thv. 
teiisiOJi Step for eadi JK:K cycU* were annly/ed. 
Tlie nuoieolylic dcgracJarion of the hyuiiUiy-ition 
probe ocair.s (luring me exicnsjuM phas^of I't Ji, 
and, tht:R>forc, reporter fluorescent ciiiiaMwn iiv 
creascs Ouring this time, nn: ihicc Uaui points 
wcrt civcragtfcJ for cacJi I'CJK cycle and ^hc meHu 
value for each was ploUcU in an "amplillcatioii 
plot" shown hi J'i«urc ] A. Tliu Al^n nieau vii) vu* \s 
pICpUecJ on Ihe j'-axis, and time, rcpresculeO l?y 
cycle numbtr, is j>lollftti on lljv^-axi.s. During tht 
Harly cycU'.s uf Ihe VCn amp)^fic:atlon, tlif AUn 



value leniainR at bas*i lJn<» Wht-n .sufficlenl hy- 
bri<.li/-allon probe hftS Wocn doavcU \yy tlju Tii// 
ix)lymcrastc nurlCiAfiO ftCtivUy, Oiu inknisiiy of ro- 
ixjrU-c fjuorrjiccrti emi5a<on Incrtfatiefc. ^'io.";! 1>C:K 
anipUnv^ilions reach » plalcau phoH<» of reporter 
fJuojowiii cnTiififilon U the re«clii«i carrUul («n 
lo high eyck' numlHris. The amj^HfiraUon plot Vj 
cxuiiiiiKtd fuily in Ihit reaction, at a jiolnt lh;it 
icjjicscnis ihi- log phiJiio of prLRkicJ acoixnula* 
lion. This Is done by uisifinlng an aibiUujy 
ihrcshoUl that i.s bused on the variabil'ily of the 
bJistf-lincdMU- hi V\gim\ 1 A, Ihe lhr^Jthold wH.s.<ici 
at 10 standard doviwlions above ihc mean of 
hafto line enjis^ioii iialculated froni cydo 1 lo 1 f^. 
Once the threshold Is chosen, the point at which 
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Floure 1 PCR product detection in real time. W The Model 7700 .u(tvyare will ^nMrnrt ^^jPj'^';'^^' P'^^^ 
fro^n the extension phase fluorescent emission data collected during the PCR ampHfIca ion. The standartl de- 
SJoi is de ermfned Jrom the data points collected from the base line of the ^fJ' "^fZ^lVo timS the 
«lcZed% determining the poir,. a. which the fluorescence exceeds a 'f^J^"*"^^^^^^^^ 
, nd«rd deviation of the base line). (B) Overlay ot amplification P'°Ji °f ^«"^y "^^^^ 
DNA s»n,plcs amplified with P-«tin primers. (0 Input DNA c.oncentTTil.on Of U^e sampj*^ 
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the ampuncotiou yloi crobsco thothrc;:hold'is clc^ 
fined as Cj. C| is rq>Qrtccl uh ihc cycle number ;ia 
this ])<nni. At; will be demon st rut ii<l, th» CI, valur 
lii jitctAicLjve Cif ihc quantity of inpvit tikr^v.t. 

Cj Values Provide a Quantitative Mea«urcmcnf« of 
Inpuf Target Sequences 

Plgurc in j(how.s ampJification plois of !lifC)ilT«;»>'- 
enl PCR airtpJificaUona overlaid. 'Ilic ompiif*(ia- 
tions wore porfomiod on a 1 :2 serial dilxitJow icct 
human genomic J^NA. 'Jlic amplified tar|;el 
human p octJn, Tho :jmpljficition ))lorii Khifl to 
the right (to higher threshold cycles) ntt, the injjut 
Iflfgol qtiiintiiy is reduced. 'Jhic is oxpcctod htj. 
(uiiiJttt nmt^tlortK with fowor »itnrtin^ eop!(w of the 
largci molccitlc require grcnicr anipLificatlon to 
degrade enough probe to atr;iln the threshold 
fluorescence. An arbitiaiy threshold of 10 stin- 
dard dcvlallon.s above the base line was used to 
detennnie tJic Cy value:;. Kisure IC; reprcsunls tl>e 
Cy values jjlotted vcr:iiis the siiinpJe dilution 
value, Each diluliort was amplified in irlpiicatc 
Pc:n a7npl1t'icntif>ns and plotted as mean vahu's 
Willi error bars reprcscniini; one standard devia- 
tion. Tlte C-r v«)uc5decTea AC' linearly wjth increas- 
ing targei quaniity, *i*ftus, c;,- vahiiis tan be used 
;i5 « qiinntiraTive measuxcmcni of the input target 
number. U should be noicd iJiat the amplifica- 
tion plot for Ihe 15.6'n;> sample shown In Figure 
IB does not reflect the same fluorescent rate of 
Increase exhibited by niosT of the other samples. 
'Hie 15,6-ng sample also at )iii'.ves- (-ndpoini pla- 
teau flt a lower fhioresceni value than would he 
cxfX'ttcd ha.Ncd on the input PNA. i'hi.'? pluriioiTi. 
cnon has been ol^scrvt^d occasiontiily wiih othvr 
samples (data noi jiliown) and may be aitriinjt- 
ai;ie to late cycle inbibitloji; this hypothesis is 
slfll under investigation. It is impnrlani to note 
that the flattened slope and early plateau do not 
impact signintian tJy the calculati^d C, value us 
dcmon.siTfited by the Hi on Die line shown in 
Fisun^ 1 c All triplicate amplifications ntsnlted in 
very similar Gi- values— ilic slnndard dcviadon 
did nc>t exceed O.sS for any dilution. Tills experi- 
inentcontains a >] 00,000-fold range of input lar- 
gei molecules. Using Cy values for qunntltation 
permits a much larger assay range than directly 
using total fluorescent emission inlenslly for 
qujintitation. The linear range. ol lluorcsccni in- 
tensity mea.s\irwn<:nt of the Alii I'rhm 7700 !i;e- 
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tari'ei quantities. 

Sample h*epai*aclon Validation 

Several parameters influence the efUclenry uf 
PCM umplificHtion; magnesium and sail conceiv 
ltd t ions, rciictlon conditions (i.e., time and icm- 
perature), PCU target size and composition, 
primer sequences, and sample purity , Ail of t1»c 
above factors are common t<i a sinj^lc rcu assay, 
except sample to sample puriiy. in an effort to 
validate (he nie.thod of sam]?le jireparation for 
the factor Viil assay, PCKampliliC»tion reprodnr- 
ihtlity and oiflciency ol 10 replicate sample 
pre|x;iratio7JS wttr« exainined. After genomic DNA 
waN j>repared from the 10 rtfipiiLaic samples, the 
DNA v^i\^ quaniUaicd by uii/£i violet speciroscopy. 
Am pii Ilea lions were performed analyzing p -act in 
>;une. content in 100 and 25 uy, of totfll xenoijiic 
DNA. Each PCR amplification was performed in 
triplicate. C^oinpdristni of values for each trip- 
licate sunq^le show inlnirnul variation bast-d on 
standard deviation and coefficient of varirinc:e 
(Tabic I), rhcrcforc, each ol the triplicate ?c:u 
amplifications was highly rcprodtJCiblo, demon- 
Siraiing that real time I^CK using this insUumcn- 
mtion introduces minimal varialior* into the 
quantitative: J'Clt analysis. CloTiiparLsoTi of tin: 
mean values of the 10 replicate sample prepit- 
rations also showed minimal variiil)ility, indicat- 
ing that each sampJo preparation yielded sijuiiar 
results for ^-actin gene quantity. Tiie htghesl C.y 
tliffercnce between any <if flio samples was 0.i>S 
and 0.73 for the HK) and 25 nf? sjjmplcs, respec- 
tively. Additionally, the amplification of each 
sample exhitiited an cquivak'nl rale of fluorcS' 
cent emission iniensJiy change per amount of 
DNA largct analyzed os indicoicd by .similar 
slopes derived from Ihe sample diliJiion^; (l-ig. 2). 
Any sajxiplc containing an excess of a i*Cl< inhibi- 
tor would exhibit a greater measured p-aciin CV 
vaktc for a given quaniliy of UNA. in addltinn, 
the inhibiior would be diluted along wilii iht; 
sample in the dilution anaiyNis (hi;;. 2), altering 
the expcacd C,- value chajige. Rach .sample nnv 
pllfiCfltion yielded a similar result in the analysis, 
dcmonsiratin^ liiat this method of .sample prepa- 
ration is highly reproducible, with regard to 
sample purity. 

Ouancitadve Analvsis of a Plasnu'd After 

7nca no/ aha w J «c:frT 7nn7/cn/7T 
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Tabt« 1 . Roproduclblllty of Sumplo Pr«|f>arat&ofi Method 



7 
8 
9 
10 

Mean 



100 ng 



Sampio 

no. Cj 



standard 
m^an deviation 



CV 



18*24 
18.23 

18.35 

18.35 

1M4 

18.3 

18,3 

1B<42 

18,15 

18.23 

1S.32 

18,4 

18,38 

18.46 

18.54 

18.67 

19 

18.28 

18.36 

18^2 

18.45 

18.7 

18.73 

18.18 

18.34 

18.26 

18.42 

18.57 

1 B.66 
V 10) 



1W.27 



O.Od 



18.34 0.07 



18.23 O.OS 



1U.42 0.0-* 



18.74 0,21 



18.39 0.12 



18.63 0.16 



18.29 0.1 



1 ft.SS 
18.12 



6.12 
0.17 



0.32 

o.3;> 

0.36 

0.46 

0,23 

1.26 

0.66 

0.»3 

0..« 

0.66 
0.90 



25 ng 



20.48 

20.55 

20,5 

20.61 

20.59 

P0.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21,04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20,46 

20.54 

20.48 

20.79 

20.78 

20.62 



Standard 
m&an deviation CV 



20,51 0.03 0.17 

?0..^4 0.11 0.54 

20.54 0.06 0.26 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.65 0.04 0.2 
20.86 0.12 0.57 
20..^1 0.07 0..32 

20.73 0.1 0.-16 

20.66 0.19 0,94 



(or coii taming; a parllill cDNA for hiTni^n factor 
viii, pi-8TM. A ifcrlvs of tft'inyfccijons wu.<i no! 
tip usiiij^ a ilccrcaaing amount of ihc plasmid\40, 
4, 0.5, and 0.1 ^.g). 1*Wf,niy-roijr ht7urs poM- 
lr?iii.'»fet tion, total DNA wn^ piirlfird fnjin each 
fla.'sk uf trlh. p-Aclin ^k:iiv ijUttJiUly wa^ cIjux'ii 
it vrtluc for nocmalj/.^ruin of j^t-uonni'. I'JNA con- 
ccnrraUuii Irvm radi stuiiplw. In I his cxptru/Jicnt, 
(i-actin Kcnc conicm should remain constant 
relative to rural ^icnuinli: DNA. Kl^jun* :i shown iljc 
result of the p-actln una itJeasuremem (100 
total DNA determined by ultraviolet speirtros- 
copy) Ot each 5utij[ile. Kach ^^niple was analysed 
in triplicate and the mean }i-actin values of 
the triplicates were, plotted (error bars represent 



bt'tww^ii any iwfj samjila moanK was 0.9S C,^ Ten 
nanograms of total UNA of «adi sample wci c aluo 
rx.iin(netd fur |.Vaclln, llic results a^um .^Jiuwcd 
thfll very similar amount.i of genomic 1>NA wore: 
present; tin: maximum mean \i acttin C;, value 
cliffcrcj)cc WJI.S 1.0. As l-'igure ^ ahows; tJio riilo of 
p-actJn C,. elia/iKv Ix-twccn the 100 and 10-ng 
siunxJlc.-* was simllur (do|>o vaJiic.n r^ngw Hwtwoon 
3.56 aiiU - 3.45). Tlni.% vcrifJe.^ agnin \hM ihir 
iliclhod of .sample preparation yield:; i;.iTri]>]«s of 
idciitical PCR integrity (i.O-. sample cont.-iined 
an excessive auiuujii uf a VCR Inhibitor). TTow^ 
ever, these results indicate that esuh samplctcon 
talned :>Iighi diffciences in the adtiAi amount of 
genomic DNA analyzed. Determination of actual 
«enuniic ONA v.onccjit ration wo<; accomplished 



X. ty Tn/ 1 



PHDNE No. : 310 472 0925 



Dec. 05 2002 12;24Rn PIS 



«l Al TlMh 0UANTITA7IVH PCW 



21- 
^ a, 

19.5 
10 

Id 



■ m 9 

■ * 3 

& B 

11--7 

A a 

V 0 

* in 




1^ t.4 1.6 1.0 1.7 IJI 1-0 

log (ng input genomic DMA) 



M 



Fi^urv 2 SoMiple prepAraUon purity. 1 he repHc^ito 
£ample& shown In Tablo 1 woro aUo an^plified In 
tripicate i^ising 25 ng of each D^4A sample. The fig- 
ui*f siiowi die input DNA conccnlrnUon (100 Atid 
25 ncj) vs. C, In ihf liQiirp. ihA 100 nnd ^5 ng 
poiiHs for each sample are connected by a line. 



Ijy j^loUing the mean |i-wctju 0| value obtained 
for «at:h lOO lifej sttiiiplv vm a p-ncUn si.tncliiril 
ioiive (shown In J'Sg- 40>. The oclMal f-cnonUc 
ONA coiicciitrull**" i'^ each sutnpiw, tr, wns ob 
laincO l^y cxlrapolnllon t«» th«^-a«li, 

rift\»rtt 'I A shows llic aacasurgU (Lu., luw^- 
normaUTicd) t|\uuilil»v2i. Taclof VJ)) pln.sinid 
ONA (pWM) (foa\ each of tin: four iransicnl cell 
lr<<»'?ir«c;Uf>a5. Each rcaclSon contained 100 of 
lotcil 5(irnj>lc: 13NA (t*a dctv.TT>ihioi1 l)y UV spcctfOJi- 
copy}- ^'-^^^h S«mplc w;js iiualyzed J3i triplicate 



25 



21 



20 



V • 27.73 4 ftVr H- 1 
y - at?/ ♦ -S.Sax Wff 1 



• A Q.1 HQ 



0.B 



f— ■ 

1.2 



I 

1.8 



1.4 i-a 
ivg (ng tnput ONA) 

Figure 5 Andlybb uf Udi*»sfectcd cdl DNAqwonllty 
and purity. I lie DNA preparations of tlic four 293 
cell transfeclions (40, 4, 0.5, and 0,1 of pFSTM) 
were analy7fid for the P-actln g(jiiti. 100 and 10 ng 
(delcrrhined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM thai was transfectcd, the fi-aciln 
Ct values are plotted versus the lulal Input DNA 



•|>c:U ianplificatiun^. As shown, pl'STW pvirifivd 
jfioic Jhc 29H cells docT^jttsa*; (mean C, values in- 
t'umi'?; with Uccrcasint; amounts of plasmid 
ttruit^U'tlcd. Th« xncati C*:^ values obtnincd for 
pHbTW inTljure 4A were plottt^d on y sUwidyrd 
curve o«»mprl,stid of licilijlly dautcd pKHTM, 
shown .in rigurc 4R. The quaiillly uJ pI'XI'M, 
found in each of the four uanKfoctlons w:is do- 
tcrmined by cxtrnpolation to iho x axic of tJiO 
siandard cvirve In I'i^urc 4K. 'Ilursft uncorrected 
values, b, for pwrJ'M w«r<? JtoriiiMHyAtd to deicr- 
niine liie actual amount of f(.i\iiid pwr TOO 

TIM or>»t:nomic DNA l)y u.^lng llic equation:. 

/> X 10 0 lift iicujal pWITvl copies oer 
^ t<X) ng of ^'cnomlc DNA 

where a actual gciioinic DNA in u sampic and 
w pr8*m copies from the standofd curve. 'n)c 
normoJincd s^uantity of plOTM pcr 100 ng of ge- 
nomic ONA for each of the four 1 ran.ifcctlon.s Is 
xnown til higure 4Ji. 'lln-^^r rt:^uU?i .show Uifli the 
Cjvinntuy of factor Vlll plasiiitO ii^socluIcO wiili 
the cttU-H, 24 lir after irujKsfw.ii*"i. diHji:.jsu;. 
with OccrcusiiJH pJH^iiiiii ujni.itnLiaiioii ased In 
the ifaii:»fct:tion. The quwuliy of pi'tt'J'M nssoeJ- 
aieu wlin 293 cclb, cifter irunsfccUon with 40 img 
of pUisnUd. was 35 pgp^^r 100 ng gviiuinlc DNA. 
Tills results In -520 plasiiiid copies per cell. 



DISCUSSION 

Wc have described a new method for quo n til "i- 
iiij> gene copy numbers u.^ing i-eal-tlmc analysis 
of PCH ampllficotionx. ReaNtlmc PCK is compat- 
ible with cJthter of the two PCK (KT-PCR) ap- 
pruache^: (1) quanUlative conM«:'i^*vt: where an 
IiileiJiitl conipclllOf for each target .scquctjee is 
usc-d for nojTnaHjsaUon (data not shown) or (2) 
quaiiiiiailvccompaTadve PCH usUi^ w iiumirtUiici- 
tion gene conloined withiii the sample (I.e., i3-nc- 
tiii) ox a "housekeeping" gene, for RT-PCK, Ff 
equal aoxount^ of nucleic ucid are aiiaJy/.cd f(jr 
eacn sample it! ul if the amphflcatiui} effitirru.y 
before quantitative anaiysb l^ identical for ertch 
sample, the iTirenial cojjIkjI (iKwrnali^-Kilion ijene 
or competirar) should rIvc equal >ij;ndls for alJ 
saitiplcs. 

The real-time PCU mcthud tjffcrs scvenil ad- 
vanlriftc.^ over the other twtj methods t:urrcntly 
employed (see the introducUon). I-irsl, the real- 
time PCR jnethod is performed in a doscd-tubc 
system and requires no post -PC nwinipalatlon 
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Figure 4 ati^intltfltivo flnalyni* of pFSTM in transfcctcd cclb. (A) Amounl of 
plasmid DNA uicd for I he irunsfeciJon plotted agiiinsi the t^^^^on C, vatue deter- 
mm«d for pfgTM rcmalnincj hr aUcr (r«nsfectlon. (D,C) Standard curvn* of 
pf^fiTM and fi-actln, respectively. prQTM DNA (0) ond gcnomir. DNA (Q were 
dilutftd «Arlally 1 :i before ;amplifici*tlon with the oppropnnie primeri. The f*-aclin 
standftrd curve wav us«d to normahVc the results of /I to 1 00 ny of genomic DNA. 
(O) The amounl of pFSTM present pc:r 100 nej of gefvomic DNA. 



of s;»mpU'. Therefore, I he pvttcn tin] for TCK cojj- 
^imlnaiir.ni in ihc Ial>«>r>it<>ry is rcdvicccl bccauNc 
amplified products cain In*, aunlyy-ed and dispoifCd 
of wit I ion t opening thu r«;tt:tion lubi.»5^. Soccmd, 
ihii method sllppozt^ llic um: i>f a ticjrtiiiiliv'.tif Jon 
Kcno (i.e., P-nctm) for quantitative, F*CR or housc- 
J<evping genes for tjuMtXitotWc KT-PCU controls. 
Analysis Js performed in rcaJ time during tlic Jog 
phase of producl Qccumulatlon. Analysis cUirlnj; 
)mk phusv permits mut^y different gciics (over « 
wide input larftrt range) to be analy>^ simului- 
ni!ou?ily, without concern of reaching reaction 
pliiienu at different cycles, Tliis will luuke tjiulll- 
^ene analysis asjoy^ much caftie.i \\f develop, be- 
cnuae individual inlcfildl umiptHiloi> will tntX l>e 
needed for coch gene uaidcr anoJy»l». Third, 
Ad in pie throughput will ijitica>e OtumalitaUy 
with the new mell-iod iK-causc there i» no poAl- 
VCK ptoccrising time. Additionally, wtiiking In & 
!^6-wcil format is highly coinjiatible wUh auto* 
iiiiUion lechnol<)(5y. 

The real-time 1*CR luuthod is In'ghly reprn- 
dutible. RcpUcaie arnplUlcations can be aunly^ed 



for fT'aeh sample niinln^l;<dnij j>otcnilttl error. The. 
systoin allows* iot a very large ussay dynamic 
range (upproaching l,OtX),0<>()-foUl Marting leii- 
get). UmIii^ u .Maiid»rd eurve for the target ol 
tervM, rciutlvc cof)y number values can be Oder- 
niincd for any uixkjiuwii rumple, hluoresceni 
I h res] ) old vnJuca, Cj^coji elate, linearly with rela- 
tive DNA copy nujnber.-s. Ueal time quanlllfttlve 
KT-PCR mclhodolfjgy (Ciib.NOJi et al., tills i.wuft) 
ha.i aho bce.n developed, finally, real Ume qurt/i- 
titotive I'CIl methodology can be uicvl iu develop 
hiph-throughput screening a.riay.H for a variety of 
applications fquantltftllvc gene c^f/jeaaion (KT- 
rCR), Rcnc copy ns»ay» (IlcrS, IHV, clc.)/ gcno- 
typing (knockout mou?c analysis), and )i«niuni>- 
PCUj. 

Re.al*ti]ne PC!U iY»ay aUo be jjcrformcxl using 
infcrcnliding dy<is (Higuchi cl al. such as 

cfJiidiin-n bromide. The fluorogenie probe 
nic^hod offers a maior advantage over inter- 
calating dyes- greatci specificity (i.e., primer 
dimvrs and nonspedflc PCR producl.s are. not de.- 
imed). 
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METHODS 

Generation of «t Plasmid ConiJilnlng a Piirtiol 
cDNA for Human Factor YIII 

rovM RNA v»«4 hiirvr^tcd (UNAi^-ol » (wni MeJ Ten, Inc., 
J-nCHdAWood, TX) tnjiix cx')l> i tMiwfcclwl wUh a fortor VUl 
t'xj»rcasiuu vector, pC:iS2.lk?.5U (Kolon vl ill. 1986; Gor. 
man cl al. 1900), A Uclor VIH i«»nlal cMNA wjiirntv Wns 
^nomud by in- i»f:U KiuiicAmp VX (Tlh ItNA UHl Kll 
(pan NBOK-tnyy, rb AiM>t«'«J !*io*y«cmf;, I-Vskm ^liiy, <.:a)J 

usliifi tJic V<.:\1 priojvfs Wor **i»tl l'*Rrc'V (i>rinii-f 5U'CTiimri-S 

aro shown below). '\lti* amj^Ucon was reamplifn il a.^InR 
2iKKlifi(.'U I'flfor a«d I^Vrcv primers (Bpix'iuU'd wUh /lamlll 
and */mci)lI ri.'Stricilon 5(rc svqucncM hi iUv h' oikI; miuI 
dotml iTit*> jKiliM- 3Z (IVtMnt-yu CU>f(V Mwtlwou, Wl). The 
rcsKliin^clnnr, jiPSTM. was u.tctl lor ifhnsicni transfoaloti 



Amplificailon of Target DNA dnti Duiccilon of 
Amplicon Factor VIII Plasmid DNA 

(pHtrrM) was »»!ni»UfU:il wllh \)tv j/iiiiwiA I-tifor S'-CXXN 

cri'( K :(:AACi AUiJtjAt ^ i I cnwa' and v-isn-v 5 AAc :< rr- 

i:ACCCrr(iCiA'JXUj'rAC*JCl-3'.ni« rvwcllun p/oUuvrd « 
rip k:k produci. 'Pu' forwiird priinvr Wiw dv>l)jJJCil Ui ici.' 
ogllUu II uiilqiitf M'({iivHiv Am I id ]ii ttlC «V untHkllSliM^d 
rejSlUTi t»f ^lIi.^ iJiiiciU p<JUi2.tKZ5l) pltf^^Mi^l (iml ihiircforc 
dws jio( (vvu^nUu uMtl riinpllf/ llw liuuiai> f<ictnr VI 11 
gnus I'rimofn woro choKon with liio avsivt^iiii'O \Uv t*oni. 
pulcr proKiruni OVi^o i.O (NuHirtuil Uiu,scicnccs, Iin%, iHy- 
mouth, WN). The human p-act*« fctctir wws nmplincd wllh 
llic prliiico (i-tit-li(i forwftfj primer .^'-TCACCXlAtlAC ri*( IT 
GCCCATCfl'A<^:c;A-3' and {i-actin it-vt-rso piimcr :Af 

CGGAACC:c:(rr(:Anc;cx:AA'jGG-3\ The reacilon pro- 
aiictci a 2y5 hp rc:k prcjtluti. 

Amplification rcctciions (SO fjJ) coiitHiiied a DNA 
sample, )0X H'AX IJuffr.f II (6 jxl), 200 n-M dA'IV, dCriT, 
dGlT. and 400 jim riUTP, 4 inM MgCl^, Unhs Ampll 
7W<; DNA poiymcifl»c, unit Ainpwnsc urncll ti-f^iy- 
wwylujK' <UHO), SO prnolc of tftch fftcloi VIII jirlmvi/ und IS 
|;)tii(>U* <»f iMoli |4 Act In pflmc^^ 'I1uf ica^'lUnhf^ ttlMi t»mialncd 
one of Ih^.' following cit'(V('tl<in probes (100 n%A c\ifU): 

j'B|irt.iie A'(!/AU)Ac:cnYr]*c:r:Ac;cyrc;rrn'<:'i''rr(:rt;T- 

GCCTT(TAMRA)p 3' flud p-«(.iin probe 5^ tTAM)ATC:f.:CC:- 
X('l'AMKA)CCCr:CATc:;Cc":ATCp-.'?' wlicrr p indicates 
pho.^phofylAliAii nnd X Indicotcs a linker arm nucicotidc. 
RcncUon tulK-5 wrn.* Mtt!n)AM\p Optica t TuIks {pari AUm- 
bcrNKOI 00.1.1, l»criclii lUniur) liial worv f roctccl (wt IVr^ln 
nimcr) lo |>ri-vt-iil Kg it I from /cflcctln^;. Tube copi were 
slniiK^i' Mion>AiVip c;nj^3 but specially dciiRncd lo pre- 
vent ll^lit »t.-uUcn)i2(. All oi \ \i<* \*<'M aitiAutniibli-» wcro su>t- 
iJic.a Ivy PK Applied Wofiy^icni? (jJosl^T CMy, CX.) except 
ihr farmr Vlll primera, wlik-h wru' syoihcsl/cd at Cenvn 
Iccli, Inc. (Stmlh r-an rmnclsco, CA). Pcot>es wrr^ dc*sli;nfd 
using the Oliiy? 4.0 .noflwarc, ft»lk>wlnK giildcKiios kiij>- 

i»csif<i m mc MoilcJ 7700 .sequence i>ctn*ii>r iii.'iiiuninil 
niunual. brlcHy, prwbf T« i)Muilit he a1 Jeost 5"C ))lKlier 
man thr anni'iilUiK i<ruipvj/»l"r« u.ml duriuii ilit-rftiui cy- 
rhtigi primers sh(n»ltl nut funii Nlnhk* duplexei*' wt»h tin- 
probe. 

The ihcnij<»I i-yrllng conUilloivs IneJudcd 1 in In at 
50'C and 10 rniii at 95"C, 'Hictrnial tycling prncrrdrd wllh 



rcactioui; wore perfonned in \h<* Modol 7700 Sequence W- 
litior (rt ApplU'd Ulusy^U'uiv), wihlrh conlahu a Cciv-- 
Anip .Sy&lvm P«K). UtiaUlon ctniditioni wfrr- pvn* 

(^nniiiiiuU t^n .1 l'v>w»r Miiciiitt»-li VIOO (Apple f.J.mM'^^t'r. 
Roma Clara, tVV) iinkcO din?tily to the Model '/VOrt $,x^ 
qucjuv IXitMlor. Aii»'y«lft *>f daU wnv aUi iwH/umKl on 
lUv Miit intfish compviier. f ^.olIneHlon and analyulK 6"fiw:(rc 
wt« dcvcUi|wl Ht W. Apijllctl nioityxiunis. 

Tran^fection of Cells with Faaor Vlll Qjiutrucl 

J'nuT 1*175 fiaskfi of 293 cells (ATCC CKK J57H), 3 human 
feiol kidney sueiptMi^Mon cell liim, wvrc uriiwn lo 80% con- 
(Uicnvy and tranjfcm'd pm-M CclU wen* grown In thy 
hollnwhm mcdln! 50% HAM'S H12 without OUT, 50% lt»w 
i:luco5c nvUlK(H.N)'8 modified Kaxlo incdiwni 0 JMUM) with* 
oirt K*y"'»« aodliim bicarbonate, 10% ietal txmne 
scrimj, 2 oim L-Kiwl<"njnc, And 1% penkillin-strcptomy' 
^|n. 'Iho media wm vJi^nffcd 30 rain Mi>"» ihf- iransfcc 
lion» prurM amounia of 40, 4, O^^v, .md OJ y^y, were 
iiUik'ii io ml of A solution conialninR 0.125 m CUiCJ,; 
And 1 X 1HW.S, The four niixhm*?* were left at rt>o)n ti'in- 

|X'.nittJrf fc»i lO min and ihcii iidditl dnipwl.^' U> tJ%c cells. 
TJ(v nw»K> wvi*- Inv-uljulcd at 37''C and Cx\ f«r 24 hr, 
waabcd wiili pitS» *»i«d r^-Ltuspcndcd In PUS. Till' U'huh 
jn-ndirtl celljt were divided into *ilitiw(>l.'» und DMA Wft4 cv- 
tnicted Ininicdiuldy u«JiR thvQIAdnip KIihkI Ki( CQ'^P^'''*- 
aniUim>rth, r.A). 1>NA wils duled Into 200 f*l 30 iiiw< 

ivb-iirjtti piiH.a 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-l, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISP'3, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (0 C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and {it) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24 j. WISP-I genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISP'3 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3^ (GSK-3/3) resulting in an increase in 
)3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8), Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
j3-catenin levels (9). APC is phosphorylated by GSK-3p, binds 
to ^-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homcobox genes, engrailedygoosecoid, twin (Xtwn), andsiamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression sub tractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13), We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP'2, and a third related gene, The genes 

are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
"iTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 



14717 



14718 Cell Biology. Medical Sciences: Pennica et aL 



Froc. Natl. Acad. Sci. USA 95 (1998) 



cDNA was synthesized from 2 fig of poIyCA)-" RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 
of polyCA)"^ RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse were isolated by screening a AgtlO mouse 

embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISP-3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PGR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 ^M of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. ^^P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PGR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-l or a 
294-bp PGR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Gel! Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29. 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PGR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2('i") where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The H^/S/'-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-l and WISP'2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/ Wnt-1 cells. 

Two of the cDNAs, WISP-I and WISP-2, were differentially 
expressed, being induced in the C57MG/Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. I A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on p-catenin levels (13, 14). Expression of WISP-I was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the iVnt-I gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-I mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PGR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2^ to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-I were isolated and the 
sequence compared with mouse WISP-I. The cDNA sequences 
of mouse and human WISP-I were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of '^40,000 {Mr 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig, 7A), 

Full-length cDNA clones of mouse and human WISP'2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of 27,000 {Mr 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-Iinked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP'l and WJSP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-I (A) and 
\VISP'2 {B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 ceils. Poly(A)-*- RNA (2 pig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse HTJP-i- specific probe 
(amino acids 278-300) or a 190-bp W^5/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridizedwith 
human ^-actin probe. 
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Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 {A) and mouse and human WlSP-l (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP'2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identification of WISP-S, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WlSP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
* human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3A). 

mSFs Are Homologous to the CTGF Family of Proteins. 
Human WISP- 1. WISP-2, and WISPS are novel sequences; 
however, mouse WISP- 1 is the same as the recently identified 
Elm] gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma celts, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse [VISP-2 avQ homologous to the recently 
described rat gene, rCop-l (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-j3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that proniotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20), The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WlSP-2 that are not 
present in WISP-3 are indicated with a dot. {B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PGR was performed on human 
multiple-tissue cDNA panels (CLOISTTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WlSP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
coUagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WlSP'l expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WlSP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISP'3 was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-l and WISP'2, Expression of 
WISP'l and WlSP-l was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP'l was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D), However, low- 
level WISP-l expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-l, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E'H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (v4, C, £, and G) Representative hcmatoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WlSP-l expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B\ 
expression of WlSP-l is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromai(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP- 1, however, was observed in tumor cells in 
some areas. Images of WJSP-l expression are shown in E-H. At low 
power (£ and f), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (C and H), 
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the predominant cell type expressing WISP-l was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-l is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-I is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker APM211ze5 
(lod = 1,000). WISP-3 is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-l resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PCR and Southern blot analysis. (Fig. 
5y4 and B). Both methods detected similar degrees of WISP-l 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-l locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-l and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-l in about 60% of the tumors and 2- to 4-fold 
for WISP'2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one {P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-l (P < 0.001). 

•The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-l genomic DNA in colon cancer cell 
lines. {A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 fig) 
digested with £coRI (WlSP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WlSP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PGR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PGR (Fig. 7). The level of mSP-l 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISP-3 RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression oiWISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-l. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-l. 
The first was C57MG cells infected with a Wnt-l retroviral 
vector or C57MG cells expressing Wnt-l under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-l transgenic mice, where breast tissue expresses Wnt-l, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-l and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-l expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-l signaling 
pathway (i.e., )3-caienin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-l transformation. Thus, WISP expression 
could result from Wnt-l signaling directly through )3-catenin 
transcription factor regulation or alternatively through Wnt-l 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-j3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin ayfe serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-I and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-l transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
' growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-jSl, which is the stimulus for 
stromal proliferation (34). TGF-jSl is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal ceils that surrounded the tumor cells 
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(epithelial cells) in the Wni-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-l 
and WISP'2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP- 1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
IVISP'3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP'2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-^2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP'2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown^ the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and p-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic p-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WlSPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 

We thank the DNA synthesis group for oligonucleotidfe synthesis, T. 
Baker for technical assistance, P. Dowd for radiation hybrid mapping, 
K. Willert and R. Nusse for the tet-repressible C57MG/Wnt-1 cells, V. 
Dixit for discussions, and D. Wood and A. Bruce for artwork. 

1. Cadigan, K. M. & Nusse, R. (1997) Genes Dev. U, 3286-3305. 

2. Dale, T. C. (1998) Biochem. I 329, 209-223. 

3. Nusse, R. & Varmus, H. E. (1982) Cell 31, 99-109. 

4. van Ooyen. A. & Nusse, R. (1984) Cc// 39, 233-240. 

5. Tsukamoto, A. S., Grosschedl, R:, Guzman, R. C, Parslow, T. & 
Varmus, H. E. (1988) Cell 55, 619-625. 

6. Brown, J. D. & Moon, R. T. (1998) Curr. Opin. Cell. Biol. 10, 
182-187. 

7. Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson- 
Maduro, J., Godsave, S., Korinek, V., Roose, J., Destree, 0. & 
Clevers, H. (1996) Cell 86, 391-399: 



8, Korinek, V., Barker, N., Willert, K., Molenaar, M., Roose, J., 
Wagenaar, G,, Markman, M., Lamers, W,, Destree, O. & Clevers, 
H. (1998) Mol. Cell Biol 18, 1248-1256. 

9. Munemitsu, S., Albert, I., Souza, B., Rubinfeld, B. & Polakis, P. 
(1995) Proc. Natl Acad. Scl USA 92, 3046-3050. 

10. He, T. C, Sparks, A. B., Rago, C, Hcrmeking, H., Zawel, L, da 
. Costa, L. T., Morin, P. J., Vogelstein, B. & Kinzler, K. W. (1998) 

Science 281, 1509-1512. 

11. Diatchenko, L., Lau, Y. F., Campbell, A. P., Chenchik, A., 
Moqadam, F., Huang. B., Lukyanov, S., Lukyanov, K., Gurskaya, 
N., Sverdlov, E. D. & Siebert, P. D. (1996) Proc. Natl Acad. Sci. 

. USA 93, 6025-6030. 

12. Brown, A. M., Wildin, R, S., Prendergast, T. J. & Varmus, H. E. 
(1986) Ce//46, 1001-1009. 

13. Wong, G. T., Gavin, B. J, & McMahon, A. P. (1994) Mol Cell 
Biol 14. 6278-6286. 

14. Shimizu, H., Julius, M. A., Giarre, M., Zheng. Z., Brown, A. M. 
& Kitajewski, J. (1997) CeU Growth Differ. 8, 1349-1358. 

15. Hashimoto, Y., Shindo-Okada, N., Tani, M., Nagamachi, Y., 
Takeuchi, K., Shiroishi, T.. Toma, H, & Yokota, J. (1998) / Exp. 
Med. 187, 289-296. 

16. Zhang, R., Averboukh, L., Zhu, W., Zhang, H., Jo, H., Dempsey, 
P. J., Coffey, -R. J., Pardee, A. B. & Liang, P. (1998) Mol CeU. 
Biol 18, 6131-6141. 

17. Grotendorst, G. R. (1997) Cytokine Growth Factor Rev. 8, 171- 
179. 

18. Kireeva, M. U, Mo, F. E., Yang, G. P. & Lau, U F. (1996) Mol 
Cell Biol 16, 1326-1334. 

19. Babic, A. M., Kireeva, M. L., Kolesnikova, T. V. & Lau, L. F. 
(1998) Proc. Natl Acad. ScL USA 95, 6355-6360. 

20. Martinerie, C, Huff, V., Joubert, L, Badzioch, M., Saunders, G., 
Strong, L. & Pcrbal, B. (1994) Oncogene 9, 2729-2732. 

21. Bork, P, (1993) FEBS Utt. 327, 125-130. 

22. Kim, H. S„ Nagalla, S. R., Oh, Y., Wilson, E.. Roberts, C. T., Jr, 
& Rosenfeld, R. G; (1997) Proc. Natl Acad. ScL USA 94, 
12981-12986. 

23. Joliot, v., Martinerie, C, Dambrine, G,, Plassiart, G,, Brisac, M., 
Crochet, J. & Perbal, B. (1992) Mol Cell Biol 12, 10-21. 

24. Mancuso, D, J., Tulcy, E. A., Westfield, L, A., Worrall. N. K., 
Shelton-lnloes, B. B., Sorace, J. M., Alevy, Y. G. & Sadler. J. E. 
(1989) /. Biol Chem. 264, 19514-19527. 

25. Holt. G. D., Pangbum, M. K. & Ginsburg, V. (1990) /. Biol 
Chem. 265, 2852-2855. 

26. Voorberg, J., Fontijn, R., Calafat, J., Janssen, H., van Mourik, 
J. A & Pannekoek, H. (1991)/. Cell Biol 113, 195-205. 

27. Martinerie, C, Viegas-Pequignot, E., Guenard, 1., Dutrillaux, B., 
Nguyen, V. C, Bernheim, A. & Perbal, B. (1992) Oncogene 7, 
2529-2534. 

28. Takahashi, E., Hori, T., O'Connell, P., Leppert, M. & White, R. 
(1991) Cytogenet. Cell Genet. 57, 109-111. 

29. Meese, E„ Meltzer, P. S., Witkowski, C. M. & Trent, J, M. (1989) 
Genes Chromosomes Cancer 1, 88-94. 

30. Carte, S. J. (1993) Crii. Rev, Oncog. 4, 435-449. 

31. Zhang, L., Zhou, W., Velculescu, V. E., Kem, S. E., Hruban, 
R. H., Hamilton, S. R., Vogelstein, B. & Kinzler, K. W. (1997) 
Science 276, 1268-1272. 

32. Sun, P. D. & Davies, D. R. (1995) Annu. Re\\ Biophys. Biomol 
Struct. 24, 269-291. 

33. Kireeva, M. L., Lam, S. C. T. & Lau, L. F. (1998)7. Biol Chem. 
273, 3090-3096. 

34. Frazier, K. S. &. Grotendorst, G. R. (1997) Int. J. Bipchem. Cell 
Biol 29, 153-161. 

35. Wemert, N. (1997) Virchows Arch. 430, 433-443. 

36. Tanner, M. M., Tirkkonen, M., Kallioniemi, A., Collins, C, 
Stokke, T., Karhu, R., Kowbel, D., Shadravan, F., Hintz, M., Kuo, 
W. L., et al (1994) Cancer Res. 54, 4257-4260. 

37. Brinkmann, U., Gallo, M., Polymeropoulos, M: H. & Pastan, I. 
(1996) Genome Res. 6, 187-194. 

- 38. Bischoff, J. R., Anderson, L., Zhu, Y,, Mossie, K,, Ng, L., Souza, 
B., Schryver, B., Flanagan, P., Clairvoyant, F., Ginther, C, et al 
(1998) EMBOJ. 17, 3052-3065, 

39. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., 
Vogelstein, B. & Kinzler, K. W; (1997) Science llSy 1787-1790, 

40, Lu, L H. & Gillett, N. (1994) Cell Vision 1, 169-176. 



letters to nature 



methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were 
done essentially as described^"'. Briefly, after antigen pulsing OO^gml'' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0.1 M and the cells were washed five times in RPMI 
1640 medium containing 1% PCS before co-culture with T-celj clones in 
round -bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 \lC\ of ^H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 M-g TTCF with 0.25 p.g 
pig kidney legumain in 500 p-l 50 mM citrate buffer, pH 5.5, for I h at 37 "C. 
Glycopeptide digestions. The peptides HIDNEEDI, HlDN{N-glucosamine) 
EEDI and HIDNESDl, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C- terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5 mg reduced, carboxy- methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 "C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgrnl'* a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (progranuned cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily^. Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, ostebprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in aduh spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential hgand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL^ (Fig. 2a), but not to cells transfected with 
TNF^ Apo2L/TRAIL*-', Apo3L/TWEAK«•^ or OPGL/TRANCE/ 
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RANKL"*"'^ (data not shown). DcR3-Fc immuno'precipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRL Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (Kj = 0.8 ± 0.2 and 
l.l±0.1nM. respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig, 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
--0.1 fjLgml"'. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results'^ activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a. Alignment of the 
amino-acid sequences of DcR3 and of osteo protege rin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysieine-rich domains (CRD 1 -4), and the/V-iinked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly{A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL, 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes' Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced kiDing of target cells from ^65% to 
^30%, with half-maximal inhibition at ^lixgmP*; the residual 
killing was probably mediated by the perforin/granz>'me pathway. 
Thus, DcR3 binding blocks FasL-dependent natural Idller cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic ampUfication frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with' 
DcR3-Fc (solid line, shaded area), TNFRI-Fc (doned line) or buffer control 
(dashed line) (the dashed and dotted tines overlap), and analysed for binding by 
FACS. Statistical analysis showed a signlhcant difference {P < 0.001 ) between the 
binding of DcR3-Fc to celts transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
ceil supernatants were immunoprecipitated with Fc-tagged TNFRl. DcR3 or Fas.' 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFRl -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d; Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PGR)'* in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PGR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of I gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PGR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3.'a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasUSngml*') oligomerized 
with anti-Flag antibody (0.1 M-grrir') in the presence of the proposed inhibitors 
DcR3-Fc, Fas-Fc or human IgGi and assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag.plus anti-Flag antibody 
as in a. in presence of l jig ml*' DcR3-Fc (filled circles). Fas-Fc (open circles) or. 
human IgGi (triangles), and apoptosis was determined at the indicated time 
points, c. Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGi, Fas-Fc. or DcR3-Fc(10ngmr'). 
After 16 h, apoptosis of CD4* cells was determined (mean ± s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with ^'Cr- 
labelled Jurkat celts in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGi (triangles), and target-cell death was determined by 
release of ^'Gr (mean ± s.d. for two donors, each in triplicate).' 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated firom a bacterial 
artificial chromosome (BAG) library a human genomic done that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAG, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3- linked reverse marker showed an average amplification of 
roughly threefold, slightly less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
Hgand- family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG^*''. . 

FasL is important in regulating the immune response; however, 
httle is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas^°. A second mechanism involves proteolytic 
shedding of FasL from the cell surface". DcR3 competes with Fas for 




Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k. r). seven squamous-cell carcinomas (a, e, 
m. n. o, p, q), one non-small-ceil carcinoma (b). one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (1). The data are means i s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Data are 
means i s.e.m. of hve experiments done in duplicate., c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and fonward. Rev and Fwd), the 
DcR3-linked marker Ti60, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the funaion of the cytokine interleukin-1 has been 
described^'. In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR- family member is 
OPG^ which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L*'. Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response^ Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certam tumours. 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571. 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PGR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding fuU -length human FasL' (2 ^ig), together with pRK5 encoding CrmA 
{2pLg) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin- conjugated 
strepuvidin (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolraogorov-Smimov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed constitutiveiy on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [^^Sjcysteine and [^*S] methionine (0.5 mCi; 
Amersham). After 16h of culture in the presence of z-VAD-fmk (10 (xM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(5 |xg), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified. Flag-tagged soluble FasL (1 p-g) (Alexis) was incubated 
with each Fc-hision protein (1 p-g). precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25p,g) was 
incubated with buffer or with DcR3-Fc (40 p.g) for 1.5 h at 24 "C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-mi fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 nl aliquots into micro titre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and ' 
streptavid in -horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS, DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected v«th anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AlCD. CD3* lymphocytes were isolated ft^om peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 ^igml'') for 24 h. and cultured 
in the presence of interieukin-2 ( 100 U mf' ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later. by FACZS analysis of annexin-V-binding of CD4'' cells^'. 
Natural killer cell activity. Natural killer cells were isolated ft-om peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with ^'Cr-loaded Jurkat cells at an efFector- 
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of ^*Cr in effector- target co- 
cultures relative to release of ^'Cr by detergent lysis of equal ntimbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER- 2 oncogenes (data 
not shown). Gene-specific primers and fiuorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAG 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (TI60). which is 
Unked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to —500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3 -specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fiuorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2*^^', where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 

Received 24 September, accepted 6 Nowember 1998. 

1. Nagata. S. Apoptosis by death faaor. Cell 88, 355-365 (1997). 

2. Smith, C. A.. Farrah, T. 8t Goodwin, R. G. The TNF receptor superfamily of cellular and viral proteins: 
activation, costimulation, and death. Cell 76, 959-962 ( 1994). 

3. Simonct, W. S. et al. Osteoprotegerin: a novel secreted protein involved in the regulation of bone 
density. Cell 89, 309-319 ( 1997). 

4. Suda, T.. Takahashi, T., Golstein, P. & Nagata, S. Molecular cloning and expression of Fas ligai\d, a 
novel member of the TNF family. Cell 75, 1 169- 1 178 (1993). 

5. Pennica, D. et aL Human tumour necrosis faaor precursor struaure, expression and homology to 
lymphotoxin. Nature 312, 724-729 (1984). 

6. Pitti, R. M. et al. Induaion of apoptosis by Apo '2 ligand, a new member of the tumor necrosis Victor 
receptor family. /. Biol Chem. 271, 12687-12690 (1996). 

7. Wiley, S. R. (I al. Identification and charaaerization of a new member of the TNF family that induces 
apoptosis. Immunity 3, 673-682 (1995). 

8. Marsters, S. A. et al. Identification of a ligand for the death-domain-containing receptor Apo3. Curr. 
Bio/. 8,525-528 (1998). 

9. Chicheportiche. Y. et al. TWEAK, a new secreted ligand in the TNF family that weakly induces 
apoptosis./. Biol. Chem. 272,32401-32410 (1997). 

10. Wong. B. R. ef ai TRANCE is a novel ligand of the TNFR family that activates c-Iun-N-terminal kinase 
in T cells. /. Biol. Chem. 272. 25 190-25194 ( 1997). 

11. Anderson, D. M. ft ai A homolog of the TNF receptor and its ligand enhance T-cell growth and 
dcndritic-ceU funaion. Nature 390, 175-179 (1997). 

12. Lacey, D. L et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation and 
activatioa Cf//93, 165-176 (1998). 

13. Dhein, ]., Walczak. H., Baumlcr. C., Debatin, K. M. flt Krammer, P. H. Autocrine t-cell suicide 
mediated by Apol/(Fas/CD95). Nature 373, 438-441 (1995). 

14. Arase, H., Arise. N. 8c Saito, T. Fas-mediated cytotoxicity by freshly isolated natural killer cells./. Exp. 
Med. 181, 1235-1238 (1995). 

15. Medvcdev, A. E. et al. Regulation of Fas and Fas ligand expression in NK cells by cytokines and the 
involvement of Fas ligand in NK/LAK cell-mediated cytotoxicity. Cytokine 9, 394-404 (1997). 

16. Moretta, A. Mechanisms in cell- mediated cytotoxicity. CWi 90, 13-18 (1997). 

17. Tanaka, M., Itai, T.. Adachi, M. 8c Nagata, S. Downregualtion of Fas ligand by shedding. Nature Med, 
4, 31-36(1998). 

18. Gelmini, S. et ai. Quantitative PCR-based homogeneous assay with fiuorogenic probes to measure c- 
erbB-2 oncogene amplification. Clin. Chem. 43, 752-758 (1997). 

19. Emery, I. G. et ai Osteoprotegerin is a receptor for the cytotoxic ligand TRAIL /. BioL Chem. 273, 
14363-14367 (1998). 

20. Watlach, D. Placing death under control. Nature 388. 123-125 (1997). 

21. Collota, F. etal. Interleukin-1 type II receptor a decoy target for IL-I that is regulated by IL-4.5ctenc« 
261.472-475 (1993). 



702 



Nature ® Macmtltan Publishers Ltd 1998 



NATURE|VOL396|l7 DECEMBER 1998|www.naturc.com 




22. Ashkenazi, A. & Dixiu V. M. Death rcccptori: signiling and modulaiion. Scienct 281, 1305-1308 
(1998). 

23. Ashkenaii, A. & Chamow, S. M. tmmunoadheiim as research toob and therapeutic igcnu. Curr. 
Opin. ImmunoL 9, 195-200 (1997). 

24. Marsten, S. et aL Anivation of apoptosis by Apo-2 ligand is independent of FADD but blocked by 
CrmA. Curr, BioL 6, 750-752 (1996). 

Acknowledgements. We thank C Qark, D. Pennica and V. Dixit for comments, and J. Kern and P. Quirke 
for tumour specimens. 

Correspondence and requesu for materials should be addressed to A. A- (e-mail: aa@gene.com). The 
GenBank accession number for the DcR3 cDNA sequence i$ AF104419. 

Crystal structure of the 
ATP-binding subunit 
of an ABC transporter 

Li-Wei Hung*, Iris Xiaoyan Wangt, Kishiko Nilcaidot, 
Pei-QI Liut, Giovanna Ferro-Luzzi Amest & Sung-Hou Km*t 

* £ O. Lawrence Berkeley National Laboratory, t Department of Molecular and 
Cell Biology, and t Department of Chemistry, University of California at Berkeley, 
Berkeley, California 94720, USA 



ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes'. The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous £ coli 
proteins is composed of ABC transporters^ Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. co/i'*^"* is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMp2, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM\ The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis^ the requirement for both subunits to be present for 
activity^, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimeH. HisP has been purified 
and characterized in an active soluble form^ which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L* with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded (3- 
sheet (P3 and p8-pi2) spans both arms of the L, with a domain of a 
a- plus P-type structure (pi, P2, P4-P7, al and a2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisR a. View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm I) is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c. View of one monomer from 
the bonom of arm I, as shown in a, towards arm II. showing the ATP-binding- 
pocket. a-c. The protein and the bound ATP are in 'ribbon' and *ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT^. N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccnd^ and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings, int. J. 
Cancer 78:661-666, 1998. 
© 1998 miey'-Liss, Inc. 

Gene amplification plays an innportant role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi et ai, 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning. efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccnd\ ( 11 q 1 3), and erbBl ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and erbBl proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et al, 1992; Slamon et ai, 1987). Muss et ai (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
^ig/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficierit). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5 ' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR, The 
approach uses dual -labeled fluorogenic hybridization probes (Lee 
et ai, 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydro lyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye (i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Cell et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the C, (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors (myc, ccndl and erbB2\ as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 1 08 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the sarhe 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Ct and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality {i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4q]l-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al, 1994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene {app, myc, ccndl, erbhl) 

N = •■ . 

copy number of reference gene {alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes fi-om Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and priiners are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
hg of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/^l. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging fi*om 10"' (10* copies of each gene) to 
10"'^ (10^ copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 hg). 

PCR amplification. Amplification mixes (50 jil) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
I OX TaqMan buffer (5 ^l), 200 ^M dATP, dCTP, dGTP, and 400 
^M dUTP, 5 mM MgClj, 1 .25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10-^ to 10^ copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells, A charge-coupled-device (CDD)- 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates Ct and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified, 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the mvc/ ccndl and erbB2 proto-oncogenes, 
and the p-amyloid precursor protein gene {app\ which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (TCallioniemi et ai, 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/^l. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10- copies or as 
many as 1 0^ copies. 

Copy-number ratio of the 2 reference genes (^app and alb^ 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin [alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10^ (A9), 10* (A7), 10^ (A4) to 10^ (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. Ct (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. Q (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 



664 



BlECHE£:r/IL 



samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et aL, 1 994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To detemiine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc; 0.7 to 1.6 (mean 1.06 ± 0.23) for 
cc/ic/; and 0.6 to 1.3 (mean 0.91 ± 0.19) for eri>B2. Since N values 
for myc, ccndJ and erbBl in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and GTbB2 gene dose in breast-tumor DNA 

myc, ccndl and erb^l gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccnd} were 
more frequent (23%, 25/108) than extra copies of erbQl (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbBl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 16-fold (T145), 6-fold (TI33) and non-amplified (T118). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 1 7q21 region (the site of erbBl), No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND crbhl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


as 


myc 


0 


97 (89.8%) . 11 (10.2%) 


0 


ccndl 


0 


83 (76.9%) 17(15.7%) 


8 (7.4%) 


erbBl 


5 (4.6%) 


87 (80.6%) 8 (7.4%) 


8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cyiopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi et aL, 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNO) 
(Longo et ai, 1 990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables Ct to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). Iii 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Q ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell -by-cell basis (Pauletti et aL, 
1996; Slamon et aL, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature. (0 Chromosome regions 4qll-ql3 and 2Iq21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et aL, 1994). (/7) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et aL, 1992; Borg et aL, 1992). {Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et aL (1 992) and Courjal et aL 
(1997). {iv) The maxima of ccndl and erbBl over-representation 
were 1 8-fold and 15-fold, also in keeping with eariier results (about 
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Figure 2 - ccndJ and alb gene dosage by real-time PCR in 3 breast tumor samples: TUB (H 1 2, C6, black squares), TI 33 (Gl 1 , B4, red squares) 
and T 145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Bems e/ fl/., 1992; Borg er o/,, 1992; Courjal er 
ai, 1997). (v) The er^B2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An et ai, 1995; Deng et ai, 1996; Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai (1997), who used the TaqMan system to 
measure erbhl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE II - EXAMPLES OF ccndj GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




UccndUalb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


TU8 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









*For each sample^ 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccm// gene 
amplification (Uccndl/alb) is determined by dividing the average ccndJ 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of qtiantitative 
PGR. (vi) We found a high degree of concordance between 
real-time quantitative PGR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>5-fold). The slightly higher frequency of gene amplification 
(especially ccndJ and erbB2) observed by means of real-time 
quantitative PGR as compared with Southern -blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PGR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al, 1992; 
Slamone/a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erb'Bl (but not of the other 2 proio- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PGR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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DECLARATION OF PAUL POLAKIS, Ph.D. 



I, Paul Polakis, Ph.D., declare and say as follows: 

1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
St£ite University in 1984. My scientific Curriculum Vitae is attached to and forins 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of my primary responsibilities has 
been leading Genentech's Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
dififerential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins ^'tumor antigen proteins'*. When such a tumor antigen protein is 
identified, one can produce an antibody that recogni2ses and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech's Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely usefiil for the identification of mBJ^ A molecules 
that are differentially expressed in one tissue or cell fype relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in himian tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed fi^om these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragr^h 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 



expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular ttiRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative ^ 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 

^ corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and fiirther that these statements were made with the knowledge that willfiil felse 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willfiil 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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Genome- wide Study of Gene Copy Nunnbers, 
Trahscripts, arid Protein Levels in Piairs of 
Non-invasive and Invasive Hunian Transitional 
Cell Carcinomas* 

Torben F. 0mtoft(§, Thomas ThykjaerU, Frederic M. Waldman||, Hans Wotf**, 
and Julio E. Celis44: ^ 



Gain and loss of chromosomal material is chiaracteristic 
of bladder cancer, as well as malignant transformation in 
general. The consequences of these changes at both the 
transcription and translation levels is at present unknown 
partly because of technical limrtations. Here we have at- 
tempted to address this question in pairs of non-invashre 
and invasive human bladder tumors using a combination 
of technology that included comparative genomic hybrid- 
ization, high density oligonucleotide array-based mohrtor- 
ing of transcript levels (5600 genes), and high resolution 



phenomenon at both the transcription and translation levels. 
High throughput array studies of the breast cancer ceil line 
BT474 has suggested that there is a correlation between 
DislA copy numbers and gene expression In highly amplified 
areas (2), and studies of individual genes In solid tumors 
have reveajed a good correlation between gene dose and 
mRNA or protein levels in the case of c-erb-B2, cyc//n d1, 
ems7, and N-ririyc. (i3-5). However, a high cyclin D1 protein 
expression has been observed without simultaneous am- 



Wb-dimensional gel electrophoresis/lTie results shdwed^*»fica« (4), and a low level of c-myc copy number Jn 



that there is a gene dosage effect viat in some cases 
superimposes on other regulatory mechanisms. This ef- 
fect depended (p < 0.015) on the rfiagnitude of the com- 
parative genomic hybridization change. In general (18 of 
23 cases), chromosomal areas with more than 2-fold igain 
of DNA showed a corresponding increase in mRNA tran- 
scripts. Areas with loss of DNA, on the other hand, 
showed either reduced or unaltered transcript level^ Be- 
cause most proteins resph^ed by two-dimensional gels 
are unknown it was only possible to compare mRNA and 
protein alterations in relatively few cases of well focused 
abundant proteins. ^Vith few exceptions we found a good 
correlation {p < 0.005) between transcript alterations land 
protein levels. The implications, as well as limrtations, 
of the approach are discussed. Molecular & Cellular 
Proteomics 1:37-45, 200Z 



Aneuploidy is a common feature of most human cancers 
(1), but little is known about the genome-wide effect of this 
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crease was observed without concomitant c-myc protein 
overexpression (6). 

In hurhan bladder tumors, karyotyping, fluorescent In situ 
hybridization, and Comparative genomic hybridization (CGH)^ 
have revealed ehrpmosomai abenratloris that seem to be 
characteristic of certain stages of disease projgression. In the 
case of hon-invasive pTa transitional cell carcinomas (TCCs), 
this includes loss of chromosorne 9 or parits of It, as well ais 
loss of y in males. In minimally Invasive pTI TCCs, the fol- 
lowing alterationis have been reported: 2q-, 11 p-, 1q+, 
11q13+, 17q+, and 20q+ (7-12). It has been suggested that 
these regions harbor tumor suppressor genes and onco^ 
genes; however, the. large chromosomal areas Involved often 
contain many genes^ making meaningful predictions of the 
functional consequences of losses and gains very difficult. 

In this investigation we have combined genome-wide tech- 
nology for detecting genomic gains and losses (CGH) with 
gene expression profiling techniques (microarrays and pro- 
teomlcs) to detemiine the e^ffect of gene copy number on 
transcript and protein levels In pairs of non-invash^e and In- 
vasive human bladder TCCs. 

EXPERIMENTAL PROCEDURES 

Maferfe/— Bladder tunwr biopsies were sampled after informed 
consent was obtained and after removal of tissue for routine pathol- 
ogy examination. By light microscopy turriors 335 and 532 were 
staged by an experienced pathologist as pTa (superficial papillary), 

^ The abbreviations used are: CGH, comparative genomic hybrid- 
ization; TCC, transitional cell carcinoma; LOH, loss of heterozygosity; 
PA-FABP. psoriasis-associated fatty acid-binding protein; 2D, 
two-dimensional. 
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Fig. 1 . DNA copy number and mRNA expression level. Shown from left to right are chromosome {Chn), CGH profiles, gene location and 
expression level of specific genes, and overall expression level along the chromosome, ^. expression of mRNA in Invasive tumor 733 as 
compared vwth the non-invasive counterpart tumor 335. e, expression of mRNA in invasive tumor 827 compared vvith the non-invasive 
counterpart tumor 532. The average fluorescent signal ratio between tumor DNA ar>d normal DNA is shown along the length of the chromosome 
(teft). The bo/d curve in the ratio profile represents, a mean of four chromosomes and is surrounded by thir) curves indicating one standard 
deviation. The central vertical line (bro/ten) Indicates a ratio value of 1 (no change), and the vertfca/ lines next to it (dottedi indicate a ratio of 
0.5 i/eft) and 2.0 ijight^. In chromosomes where the non-invasive tumor 335 used for comparison showed alterations in DNA content, the ratio 
profile of that chromosome is shovwi to the right oi the invasive tumor profile. The co/ored bars represents one gerie each, identified by the 
running numbefs above the bars (the name of the gene can be seen at vyww.MDLDK/sdata.htmO. The bars indicate the purported location of 
the gene, and the colors indicate the expression level of the gene in the invasive tumor compared with the non-invasive counterpart; >2-fold 
Increase (b/aci^. >2-fold decrease (b/ue), no significant change {orange). The bar to the far right, entitled Expression shows the hssultlng change 
in expression along the chromosome; the cotors indicate that at least half of tiie genes were up-regulated (b/ac^r), at Ifeast half of the genes 
down-regulated (b/ue), or more than half of the genes are unchanged (orange). If a gene was absent in one of the samples and present in 
another, it vvas regarded as more thari a 2-fold change. A 2-fold level was chosen as this conesponded to one standard deviation in a double 
determiriation of --1800 genes. Centromeres and heterochrornatic regioris were excluded f^ 



grade I and ii. respectively, tumors 733 and 827 were staged as pTI 
(invasive into submucosa), 733 was staged as solid, and 827 was 
staged as papillary, both grade III. 

mRNA Preparation— Txssxse biopsies, obtained freish from surgery, 
were eml^edded immediately in a sodium-guanidinium thiocyanate 
solution and stored at -80 "C. Total RNA was isolated using the 
RNAzd B RNA isoiiation method (WAK-Chemie Medical GMBH). 
poly(^* RNA was isolated by an oligp(dT) selection step (Oligotex 
mRNA krt; Qiagen). 

cBNA Prepara^cm—\ ^9 of mRNA was used as starting material. 
The first and second strand cDNA synthesis was performed using the 
Superscript® choice system (Invitrogen) according to the manufac- 
turer's instructions but using an oligo(dT) primer containing a T7 RNA 
polymerase binding site. Labeled cRNA was prepared using the ME^ 
GAscrip® in vitro transcription kit (Ambion). Biotin-lat>eled CTP and 



UTP (Enzo) was used, together vtrfth unlabeled NTPs in the reaction. 
Following the in vitro transcription reaction, the unincorporated nu- 
cleotides were removed using RNeasy colurnns (Qiagen). 
. Array Hybridization and Scanning— Array hybridization and scan- 
ning was ftiodified frorti a previous method (13). 10 /ig of cRNA 
fragmented at 94 X for 35 min in buffer containing 40 mM Tris 
acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc. Prior to hybridization, 
the fragmented cRNA in a 6x SSPE-T hybridization buffer (1m NaO, 
10 mM Tris, pH 7.6i 0.005% Triton), was heated to 95 X for 5 min, 
subsequently cooled to 40 *C, and loaded onto the Affymetrix probe 
anray cartridge. The probe anray was then incubated for 16 hat 40 "C 
at constant rotation (60 rpm). The probe array was exposed to 10 
washes in 6x SSPE-T at 25 *C followed by 4 washes in 0.5x SSPE-T 
at 50 '*C. The biotinylated cRNA was stained with a streptavidin- 
phycoerythrin conjugate, 10 fig/ml (Molecular Probes) in 6x SSPE-T 
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for 30 min at 25 followed by 1 0 washes in 6x SSPE-T at 25 X. The 
probe arrays were scanned at 560 nm using a confocal laser scanning 
microscope (made for Affymelrix by Hewlett-Packard). The readings 
from the quantitative scanning were analyzed by Affymetrix gene 
expression analysis software. 

/W/cro«afe///te vAna/>^s— Microsatellite Arta^ 
described previously (14). Microsatellltes were selected by use of 
www.ncbi.nlm.nih,gov/genemap98, and primer sequences were ob- 
tained from the genome data base at wvkw.gdb.org. E)NA was extracted 
from tumor and blood arid amplified by PGR in a voIuhdo of 20 juJ for 35 
cycles. The amplicons were denatured and electrophoresed for 3 h in an 
ABI Prism 377. . Data were collected in the Gene Scan program for 
fragment analysts. Loss of heterozygosity was defined as less than 33% 
of one allele detected in tumor ampltcons compared with blood. 

Proteomic Aia/KS/s— TCCs were minced irito small pieces and 
homogenized In a small glass hompgenizer in 0.5 ml of lysis solution. 
Samples were stored at -20 "C until use. The procedure for 2D gel 
electrophoresis has been descrik>ed in detail elsev^ere (15, 16). Gels 
were stained with silver nitrate and/or Coomassie Brilliant Blue. Pro- 
teins were identified by a combination of procedures that included 
microsequericing, mass spectrometry, two-dimensional gel Western 
immunoblotting, and comparison with the master two-dimerisior>al gel 
image of human keratinocyte protans; see Wobase.dk/cghbirVcelis. 

CGH- Hybridization of differentially labeled tumor and normal DMA 
to normal nietaphase chromosomes was perfonmed as described 
previously (10). Ruorescein-labeled tumor DNA (200 ng), Texas Bed- 



labeled reference DNA (200 ng)* and human Cot-1 DNA (20 ;tg) wer^ 
denatured at 37 ''C for 5 min and applied to denatured normaf met- 
aphase slides. Hybridization was at 37 *C for 2 days. After washing, 
the slides were couhterstained v^^th 0.15 ^g/ml 4,6-diamidino-2-phe- 
nylindole In an anti-fade solution. A second hybrklization was per- 
formed for all tumor samples usir>g fluorescein-labeted ref ererice DNA 
and Texas Red-labeled tumor DNA (inverse iat)eling) to confirm the 
abenBtions detected during the initial hybridizatton. Each CGH ex- 
periment also included a normal control hybridization usirig fluores- 
cein- and Texas Red-labeled normal DNA. Digital image analysts was 
used to identify chromosomal regions with abnormal fluorescence 
ratios^ indicating regions of DNA gains and losses. The average 
green:red fluorescence intensity ratio profiles were calculated \js\ng 
four images of each chromosome (eight chromosomes total) with 
normalizatiori of the green:red fluorescence intensity ratio for the 
entire metaphase and background correction. Chromosome identifi- 
cation was performed based on 4,6-diamidino-2-phenylifidole band- 
ing patterns. Only images showing uniform high interisity fluores- 
cence with rninimal background staining v/ere analyzed. All 
centromeres, p arms of acrocentric chronrosomes, arid heterochro- 
matic regions were excluded from the analysis. 

RESULTS 

Comparative Genomic IHybiidization— The CGH ainalysls 
identified a number of chronnosomal gains and losses in the 
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Table I 

Correlation between afterations detected by CGH and by expression 

Top, COH used as independent variable (if CGH alteration - what expression ratio was found); lx>ttom, altered expression used as 
independent variable Of expression alteration - what CGH deviation was 



CGH alterations 



Tumor 733 vs. 335 
Expression change clusters 



Concordance 



CGH alterations 



Tumor 827 vs. 532 
Expression change clusters 



Concordance 



13 Gain 10 Uprregulation 

0 Down-regulation 

3 No change 
10 Loss 1 Up-regutation 

\ 5 Down-regulation 

4 No change 



77% 



50% 



1 0 Gain 8 Up-regulation 

0 Down^regulation 
2 No change 

12 Loss 3 Up-regulation 

2 Down regulation 
7 No change 



80% 



17% 



Expression change clusters 



Tumor 733 vs. 335 
CGH alterations 



Concordance . Expression change clusters 



Tunrwr 827 vs. 532 
CGH alterations 



Concordance 



16 Up-regulation 


11 Gain 


69% 


17 Up-regulation 


lOGain 


,59% 


2 Loss 






5 Loss 






3 No change 






2 No change 




21 Down-regulation 


1 Gain 


38% 


9 Dov/n-regiilation 


OGain 


33% 


8 Loss 






3 Loss 






12 No change 






6 No change 


81% 


15 No.change 


3 Gain 


60% 


, 21 No change 


1 Gain 


3 Loss 






3 Loss 






9 No change 






17 No change 





tvvo invasive tumors (stage pTi , TGGs 733 and 827), whereas 
the two nonrinvaslve piaprllomas (stage pTa, TCCs 335 and 
532) showed only 9p-, 9q22-q33-, and X-, and 7+, 9q-, 
and Y-, respectively. Both invasive tumors showed changes 
(1q22-24+, 2q14.1-qter-, 3q12-q13.3-, 6q12-q22-, 
9q34+, 11q12-q13+, 17+, and 20q11.2-q1 2+) that are typ- 
ical for their disease stage, as well as additional afterations, 
some of which are shown in Rg. 1. Areas with gains and 
josses deviated from the normal copy number to some extent, 
and the average numerical deviation from normal was p.4-fold 
in the case of TOG 733 and 0.3-fold for TCC 827. The largest 
changes, amounting to at least a doubling of chromosomal 
content, were observed at 1q23 In TCC 733 (Fig. M) and 
20q12 inTCG827(Rg. IS). 

mRNA Expression in Relation to DNA Copy Number— The 
mRNA levels fronri the two invasive tumors (TCCs 827 and 
733) were compaired with thie two non-invashre counterparts 
ffCCs 532 and 335). This was done In two separate experi- 
ments in which we compared TCCs 733 to 335 and iB27 to 
532, respectively, using two different scaling settings for the 
arrays to rule out scaling as a confounding parameter^ Ap- 
prbximateiy 1,800 genes that yielded a signal on the arrays 
were searched in the Unigene and Genemap data bases for 
chromosomal location, arid those with a known location 
(1096) were plotted as bars covering their purported locus. In 
that way It was possible to construct a graphic presentation of 
DNA copy number and rielative mRNA levels along the indi- 
vidual chromosomes (Rg. 1). 

For each mRNA a ratio was calculated between the level in 
the invasive versus the non-invasive counterpart. Bars, which 
represent chronnosomal location of a gene, were color-coded 
according to the expression ratio, and only differences larger 



than 2-f6ld were regarded as informative (Rg. 1). the dens;ity 
of genes along the chromosomes varied, and areas contain* 
ing only one gene were eixcluded from the calculations. The 
resolution of the QGH method is very low, and some of the 
outlier data may be because of the fact that the boundaries of 
the chromosomal aberrations are not known at high resolution. 

Two sets of calculations were made frorn the data For the 
first set we used CGH alterations as the independent variable 
and estimated the frequency of expression alterations in these 
chromosomal areas. In general, areas with a strong gain of 
chromosomal material contained a cluster of genes having 
increased mRNA expression. For^ example, both chromo- 
somes 1q21-q25, 2p and 9q, showed a relative gain of more 
than 100% in DNA copy number that was accompanied by 
Increased mRNA expression levels in the two tumor pairs (Rg. 
1). In most cases, Chromosomal gains detected by CGH were 
accompanied by an increased level of transcripts In kx)th 
TCCs 733 (77%) and 827 (80%) (Table I, fop). Chromosomal 
losses, on the other hand, were not accompanied by de- 
creased expression in several cases, and were often regis- 
tered as having unaltered RNA levels (Table I, fop). TTie Inabil- 
ity to detect RNA expression changes in these cases was not 
because of fewer genes mapping to the lost regions (data not 
shown). 

In the second set of caiculaitions we selected expression 
alterations aboye 2-fold as the independent variable arKd es- 
timated the frequency of CGH alterations In these areas. As 
above, we fourid that increased transcript expression corre- 
lated with gain of chromosomal material (TCC 733, 69% and 
TCC 827, 59%), whereas reduced expression was often de- 
tected in areas with unaltered CGH ratios (Table I, bottom). 
Furthermore, as a control we looked at areas with no alter- 
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Fig. 2. Correlation between maximum CGH aberration and the ability to detej:rt expression change by ongonucleotide array 
monitoring. The aberration is shown as a numerical -fold change in ratio between invasive tumors 827 (A) and 733 (♦) and their nor>-invasive 
counterparts 532 and 335. The expression change was taken fnam the Expression line to the right in Rg. 1, which depicts the resulting 
expression change for a gh^en chromosomal region. At least half of the mRNAs from a given region have to be either up- or down-regulated 
to be scored as an expression change. All chromosomal anms in which the CGH ratio plus or minus one standard deviation was outside the 
ratio value of one were included, 



ation in expression. No alteration was detected by CGH In 
most of these areas (fcc 733, 60% and TCC 827, 81%; see 
Table I, /)ottom). Because the ability to observe reduced or 
increased mRNA expression clustering to a certain chromo- 
somal area clearly reflected the extent of copy number 
changes, we plotted the maximurh CGH aberations in the 
regions showing CGH changes against the ability to detect a 
change in mRNA expression as monitored by the oligonucleo- 
tide anra^^ (Fig. 2)(Epr both tumors TCC 733 (p < 0.015) and 
TCC 827 (p < 0.00003) a highly significant correlation was 
observed between the level of CGH ratio change (reflecting 
the DNA copy number) and atteratiohs detected by the an-ay 
based technology (Rg.^ Similar data were obtained when 
areas with altered expression were used as independent vari- 
ables. These areas con-elated best with CGH when the CGH 
ratio deviated 1.6- to 2.0-fo!d (TaWe \, bottom) but mostly did 
not at lower CGH deviations, these data probably reflect that 
loss of an allele may only lead to a 50% reduction in expres- 
sion level, which is at the cut-off point for detection of expres- 
sion alterations. Gain of chnomosomal material can occur to a 
much larger extent 

Microsatellite-based Detection of Minor Areas of Loss- 
es—In TCC 733, several chromosonrial areas exhibiting DNA 
amplification were preceded or followed by areas with a nor- 
mal CGH but reduced mRNA expression (see Rg. 1, TCC 733 
chromosome 1q32, 2p21, and 7q21 and q32, 9q34, and 
10q22). To determine whether these results were because of 
undetected loss of chromosomal material in these regions or 



^ because of other non-structural mechanisms regulating tran- 
scription, we examined two nriicrbsatellites jsositioned at chro- 
mosome /1q25-32iand two at chromosiome 2p22. Loss of 
heterozygosity (LOH) was found at both 1C|25 and at 2p22 
Indicating that minor deleted areas were hot detected with the 
resolution of CGH (Rg. 3): Additionally, chromosome 2p in 
TCC 733 showed a CGH pattern of gain/no change/gain of 
DNA that conrelated with transcript increase/decrease/in- 
crease. Thus, for the areas showing Increased expression 
there was a con-elation with tiie DNA copy number alterations 
(Rg. liA). As indicated above, the mRNA decrease observed in 
the middle of the chromosorhal gain was because of LOH, 
implying that one of the mechanisms for mRNA down-regu- 
lation may be regions that have undergone smaller losses of 
chromosomal matesrial. However, this cannot be detected with 
thei resolution of the CGH method. 

In both TCC 733 and TCC 827, the telomeric end of chro- 
mosome lip showed a normal ratio in the CGH analysis; 
however, clusters of five and three genes, respectively, lost 
Oieir expression. Two microsatellites (D11S1760, D11S922) 
positioned close to MUC2, IGF2, and cathepsin D indicated 
LOH as the most likely mechanism behind the loss pf expres- 
sion (data not shown). 

A reduced expression of mRNA observed in TCC 733 at 
chromosomes 3q24, llpll, 12p12.2, 12q21.1, and 16q24 
and in TCC 827 at chromosome 11 pi 5.5, 12p11. 15q11.2, 
and 18q12 was also examined for chromosomal losses using 
microsatellites positioned as close as possible to the gene loci 
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Fia 3. Microsatellite analysis of loss oi hetero^gosity. Tumor- 
7i33 showing loss of heterozygosity at chromosome tq25, detected 
(a) by D1 321 5 close to Hu class I histocompatibility antigen (gene 
number 38 in Rg. 1). (6) by D1S2735 close to cathef»in E (gene 
number 41 In Rg. 1), and (c) at chromosome 2p23 by E)2S2251 close 
to general p-spectrin (gene number 1 1 on Rg. 1) and of (cO tumor 827 
showing loss of heterozygosity at chrornosome 18qi2 by S18$11 18 
close to mitochondrial 3-oxoacy^coen2yme A thiol^ (gene number 
12 in Rg. 1), The upper curves show the etectropherogram obtained 
from nomnal DMA from leukocytes (A/), and the /ovverci/rves show the 
electropherogram from tumor DMA (7). In all cases one allele is 
partially lost in the tumor amplicpn. 

showing reduced nriRNA transcripts. Only the microsateilite 
positioned at 18q12 showed LOH (Rjg. 3), sugge^ing that 
trariscriptional down-regulation of genes in the other regions 
may be controlled by other mechanisms. 

Relation between Ctianges iri mRNA and Protein Levels— 
2D-PAGE analysis, in combinatloh with Cpomassie Brilliant 
Blue and/or silver staining, was carried put on all four tumors 
using fresh biopsy material. 40 well resolved abundant known 
proteins migrating in areas away from the edges of the pH 
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Rg. 4. Correlation between protein levels as judged by 
PAGE and transcript ratio. Fpr comparison proteins were divided in 
three groups, unaltered In level or up^ or down-regulated (fiorizonial 
axis). The mRNA ratio as determined by pligonudeotkle an^ was 
plotted for each gene {vertical axis). A, mRNAs that were scored as 
present in lx>th tumors used for the ratio calculation; A, mRNAs that 
were scored as absent In the invasive tumors (along tiorizontal axis) or 
as absent In non-invasive reference (fop of figure), two different 
scalings were used to e:<clude scaling as a confounderi TCX)s 827 
and 532 (AA> were scaled with background suppression, and TCCs 
733 and 335 (#0) were scaled without suppression. Both compari- 
sons showed higWy ^gnificant (p < 0.005) differences in mRNA rattos 
l)etween the groups. Proteins shown were as follows: Group A (from 
/eft), phosphoglucomutase 1 , glutathione transferase dass fi number 
4, fatty acid-binding protein hpmologue, cylokeratin 15» and cyto- 
keratin 13; B (from left), fatty acid-binding protein horriologue. 28-kDa 
heat shock protein, cytpkeratin 1 3, and calcyclin; C <from tefi^, a-eno- 
lase, hnRNP 81, 28^kDa heat shock protein, 14-3-3-e, and 
pre-mRNA splicing factor; D, mesothellal keratin K7 (type II); E (from 
top), glutathione S-transferase-'ri- arid mesothellal keratin K7 (type 10; 
F(from top and/eft), adenylyl cyclase-associated protein. E-cadherin, 
keratin 19, calgizzarin, phosphoglycerate mutase, annexin IV, cy^ 
toskeletal ractin, hnRNP At, integral membrane protein calnexln 
(IP9D), hnRNP H, brain-type clathrin light chain-a, hnRNP F, 70-kDa 
heat shock protein, heterbgeneous nuclear ribonutlebprptein A/B, 
translattonally controlled tumor protein, liver gtyceraidehyde-3-phos- 
phate dehydrogenase, keratin 8, aldehyde reductase, and. Na,K- 
ATPase p^^ subunH; G. (from fop and /eft), TCP20, calgizzarin, 70- 
kDa heat shock protein, calnexln, hnRNP H, cytokeratirt 15, ATP 
synthase, keratin 1 9. triosephosphate isomerase. hnRNP F, liver gtyc- 
eraldehyde-3-phosphatase dehydrogenase, glutathione S-transfer- 
ase-TT, and keratin 8; H (from /eft), plasma gelsdin, autoantigen cal- 
reticulin. thioredoxin, and NAD+ -dependent 15 hydrbxyprostaglandin 
dehydrogenase; / (from top), prolyl 4-hydroxylase p-sulxmit, cyto- . 
keratin 20, cytokeratin 17, prohibition, and foictose 1,6-biphos- 
phatase; J annexin 11; K, annexin IV; L (from fop and M), 90-kDa heat 
shock protein, prolyl 4-hydrpxyliase p-sutxihit, a-enolase, GRP 78, 
cyclophilin, and cofilin. 

gradient, and having a known chromosomal location, were 
selected for analysis in the TCC pair 827/532. Proteins were 
identified by a combination of methods (see "Experimental 
Procedures"). In general there was a highly significant corre- 
lation (p < 0.005) between mRNAand protein aiteratibns (Fig. 
4). Only one gene showed disagreement between transcript 
alteration and protein alteration. Except for a group of cyto- 
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F»G. 5. Comparison of protein and transcript levels in invasive 
and non-Invasive TCCs, The upper part of the figure shows a 2D get 
{jeft) and the oligonucleotide array {fight^ of TOG 532, The red rectan- 
gles on the upper gel highlight the areas that are compared below. 
Identical kreas of 2D gels of TCCs 532 and 827 are shown below. 
Clearly, cytokeratlris 13 and 15 are strongly down-regulated in TCC 
627 (red annotation). The tile on the array containing probes for 
cytokeratin 15 is enlarged below the array {fied arrow) from TCC 532 
and is compared with TCC 827. The opperroiv of squares in each tile 
con-esponds to perfect match probes; the lower row conresponds to 
mismatch probes contaihing a mirtation (used for cpnrection for un- 
specrfic binding). Absence of signal Is depicted as black, and the 
higher the signal the lighter the color. A high transcript level was 
detected in TCC 532 t61 51 units) whereas a much tower level was 
detected in TCC 827 (absence of signals). For cytokeratin 13, a high 
transcript level was also present in TCC 532 (15659 units), and a 
much tower level was present in TCC 827 (623 units). The 2D gels at 
the tH>ttom of the figure (tefl) show levels of PA-FABP and adipocyte- 
FABP In TCCs 335 and 733 finyasive), respectively. Both proteins are 
down-regulated in the Invasive tumor. To the right we show the anay 
tiles for the PA-FABP transcript. A medium transcript level was de- 
tected in the case of TCC 335 (1277 unit^ vi^ereas very low levels 
were detected in TCC 733 (166 uriits). /£F, isoelectric focusing. 



keratlris encoded by genes oh chromosome 17 (Fig. 5) the 
analyzed proteins did not belong to a particular family. 26 well 
focused proteins whose genj&s had a Know chromosomal 
location vi^ere detected in TCds 733 and 335, and of these 19 
con^elated (p < 0.005) with the 'mRNA changes detected using 
the arrays (Rg. 4>. For exaajple, PA-FA3P was highly ex- 
pressed in the non-Invasive TCC 335 but lost in the invasive 
counterpart (TCC 733; see Rg. 5). The smaller number of 
proteins detected in both 733 and 335 was because of the 
smaller size of the biopsies that were available. 

11 chromosomal regions where CGH showed aberrations 
that corresponded to^he changes in transcript levels also 
shovyed con-esponding changes in the protein level (Table 10- 
These regions included, genes that encode proteins that are 
found to be frequently altered in bladder, cancer, narhely 
cytokeratins 17 and 20, annexins ll and IV, and the fatty 
acid-binding proteins PA-FABP and FBP1, Four of these pro- 
teins were encoded by genes in chromosome 17q, a fre- 
quently amplified chromosomal area in invasive bladder 
cancers. j 

DISCUSSION 

Most human cancers have abnormal DNA content, having 
lost some chromosomal parts and gained others. The present 
study provides some evidence as to the effect of these gains 
iEind losses on gene expression in two pairs of non-invasive 
and invasive TCCs using high throughput expression an^ays 
and proteonpiics, in combination with CGH. In general, the 
results showed that there is a clear individual regulation of the 
mRNA expression of single genes, virtnich in some cases was 
superimposed by a DIsiA copy number effect. In most cases, 
genes located in chromosomal areas- with gains often exhib- 
ited increased mRNA expression, whereas areas showing 
los§es showed either no change or a reduced mRNA expres- 
sion. The latter might be because of the fact that losses rhost 
often are restricted to loss of one allele, and the cut-off point 
for detection of expression alterations was a 2-fo!d change, 
thus being at the border of detection. In several cases, how- 



Tabue II 



Pn^teins whose expression level correlates with both mRNA and gene dose 


Protein 


Chromosomal k>cation 


Tumor TCC 


CGH alteration 


Transcript alteration" 


Protein alteration 


Annexin II 


1q21 


733 


Gain 


Abs to Pres* 


Increase 


Annexin IV 


2p13 


733 


Gain 


3.9-Fold up 


increase 


Cytokeratin 17 


17q12rq21 


827 


Gain 


3.8-Fold up 


Increase 


Cytol^eratin 20 


17q21.1 


827 


Gain . 


5.6-Fold up 


Increase 


(PA-)FABP 


8q21.2 


827 


Loss 


lO^Fold down 


Decrease 


FBP1 


9q22 


827 


Gain 


2.3-Fold up 


Increase 


Plasma gelsolin 


9q31 


827 


Gain 


At>s to Pres 


Increase 


Heat shock protein 28 


15q12-q13 


827 


Loss 


2.5-Fold up 


Decrease 


Prohibitin 


17q21 


827/733 


Gain 


3.7-/2.5-Fold up^ 


Increase 


PrblyM-hydroxyl 


17q25 


827/733 


Gain 


5.7-/1 .6-Fold up 


Increase 


hnRNPBI 


7p15 


827 


Loss 


2.5-Fold down 


Decrease 



" Abs, absent; Pres, present. 

In cases where the con^ponding alterations were found in both TCCs 827 and 733 these are shown as 827/733. 
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ever, an increase or decrease in DMA copy number was 
associated with de novo occurrence or complete loss of tran- 
script, respectively. Some of these trainscripts could hot be 
detected in the non-invasive tumor but were present at rela- 
tively high levels In areas with DNA amplifications in the inva- 
sive tumors (e.g. in TCC 733 transcript from cellular ilgand of 
annexin II gene (chromosome 1q21) from absent to 2670 
arbitrary units; in TCC 827 transcript from small prplirie-rich 
protein 1 gene (chromosome 1q12-q21.1) from absent to 
1326 arbitrary units). It may be anticipated from these data 
that significant clustering of genes with ah Increased expres- 
sion to a certain chromosomal area indicates an Increased 
likelihood of gain of chromosomal material In this area. 

Considering the many possible regulatory mechanisms act- 
ing at the level of transcription, it seems striking that the gene 
dose effects were so cleariy detectable In gained areas. One 
hypothetical explanation may tie In the loss of controlled 
methyiation in tumor ceils (17-19). Thus, it may be possible 
that in chromosomes with increased DNA copy numb^s two 
or more alleles could be demethylated simultaineously leading 
to a higher transcription level, whereas in chromosomes with 
losses the remaining allele could be partly methylated, turning 
off the process (20, 21). A recent report has documented a 
ploidy regulation of gene expression in yeast, but In this case alt 
the genes were present in the same ratio (22), a situation that is 
not analogous to that of cancer cells, which show marked 
chromosomal aberrations, as well as gene dosage effects. 

Several CGH studies of bladder cancer have shown that 
some chromosomal aberrations are common at certain 
stages of disease progression, often occurring in more than 1 
of 3 tumors. In pTa tumors, these include 9p-, 9q-, 1q+, 
(2, 6), and in pTI tumors, 2q-,11p-, 11q--, 1q+, 5p+, 8q+, 
17qH-, and 20q+ (2-4, 6. 7). The pTa tumors studied here 
showed similar aberrations such as 9p- and 9q22-q33- and 
9q- and Y-, reispectiyely. Likewise, thiB two minimal Invasive 
pTI tumors showed abenations that are commonly seen at 
that stage, and TCC 827 had a remarkable resemblance to the 
commonly seen pattem of losses and gains, such as 1q22"24 
amplification (seen in both tumors), 11q14-q22 loss, the latter 
often linked to 17 q+ (t)oth tumors), and 1q4- and 9p-, often 
linked to 20q+ and 11 q13+ (both tumors) (7-9). These otK 
servations indicate that the pairs of tumors used in this study 
exhibit chrprhosomal changes observed in many tumors, and 
therefore the findings could be of general importance for 
bladder cancer. 

Considering that the mapping resolution of CGH is of at>out 
20 megabases it is only possible to get a crude picture of 
chromosomal instability using this technique. Occasionally, 
we observed reduced transcript levels close to or inside re- 
gions with increased.copy numbers. Analysis of these regions 
by positioning heterozygous microsatellites as close as pos- 
sible to the locus showing reduced gene expression revealed 
loss of heterozygosity in several caseis. It seems likely that 
multiple and different events occur along each chromosomal 



arm and that the use of cDNA microarrays.for analysis of DNA 
copy number changes will reach a resolution that can resolve 
these changets, as has recently been proposed (2): The outlier 
data were not more frequent at the boundaries of the CGH 
abenrations. At present v^re do hot know the mechanlism t>e-' 
hind chromosomal aneuploidy and cannot predict whether 
chromosomal gains will t>e transcribed to a larger extent than 
the two native alleles. A mechanism as genetic Imprinting has 
ah impact on the expression level in normal cells and is often 
reduced in tumors. However, the relation between Imprinting 
and gain of chromosomal material is not known. 

We regard it as a strength of this investigation that we were, 
able to compare invasive tumors! to benign tumors rathier than 
to normal urothelium, as the tumors studied were bk}k>gically 
' very close and probably may represent successive steps in 
the progression of bladder cancer. Despite the limited ainount 
of fresh tissue available it was possible to apply three different 
state of the art methods. The observed conrelation between 
DNA copy number and mRNA expression is remaricaWe When 
one considers tiiat different pieces of the tumor biopsies were 
used for the different sets of experimeints. This indicate that 
bladder tumors are relatively homogerious, a notice recentiy 
supported by CGH and LOH dato that showed a remaricaWe 
similarity even between tumors and distant metastasis (10, 23). 

In the few cases analyzed. mRNA and protein levels 
showed a striking correspondence although In some cases 
we found discrepancies that may be attributed to translatioriial 
regulation, post-translatibnal processing, protein degrada- 
tion, or a combination of these. Some transcripts belong to 
undertranslated mRNA pools,, which are associated with few 
translationally inactive ribosomes; these pools, however, 
seem to be rare (24). Protein degradation, for example, may . 
be very important in the case Of polypeptide with a short 
half-life (e.g. signaling proteins). A poor congelation between . 
mRNA and protein levels was found in live; cells as deter- 
mined by an-ays and 2D-PAGE (2^, and a moderate correla- 
tion was recently repwted by Ideker et ah (26) in yeast 
(Interestingly, our study revealed a much better congelation 
between gained chromosomal areas and! Increased mRNA 
levels than betweeri loss of chromosomal areas and reduced 
mRNA levels. In general, the level of CGH change determined 
the ability to detect a change in transcripl^ One possible 
explanation could be that by losing one allele the change in . 
mRNA level is not so dramatic as compared with gain of 
material, which can t)e rather unlimited and may lead to a 
severalfold increase in gene copy number resulting in a much 
higher impact on transcript level The latter would be much 
easier to detect on the expression anays as the cut-off point 
was placed at a 2-fold level so as not to be biased by noise on 
the anray. Construction of an-ays with a better signal to noise 
ratio may in the future allow detection of lesser than 2-fold 
alterations in transcript levels, a feature that rhay facilitate the 
analysis of the effect of loss of chromosomal areas on tran- 
script levels. 
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In eleven cases we found a significant congelation between 
DNA copy number, mRNA expression, and protein level. Four 
of these proteins were encoded by genes located at a fre- 
quently amplified area in chromosome 17q. Whether DNA 
copy number is one of the mechanisms behind alteration of 
these eleven proteins is at present unknown and will have to 
be proved by other methods using a larger number of sam- 
ples. One factor making such studies complicated Is the large 
extent of protein modification that occurs after translation, 
requiring immunoidentificatlon and/or mass spectrometry to 
conrectly identify the proteins in the gels. 

In conclusion, the results presented in this study exemplify 
the large body of knowledge that may be possible to gather in 
the future by combining state of the art techniques that follow 
the pathway from DNA to protein (26). Here, we used a tradi- 
tional chromosomal CGH method, but in the future high reso- 
lution CGH based on microanays with many thousand radiation 
hyt)rid-mapped genes will increase the resolution and informa- 
tion derived from these typies of experiments ^). Combined with 
expression anrays analyzing transcripts derived from genes v^th 
known locations, and 2D gel analysis to obtain infomnation at 
the post-translational level, a clearer and more developed un- 
derstanding of the tumor genome will be forthcoming. 
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ABSTRACT 

Genetic changes underlie tumor progression and may lead to cancer- 
specilic expression of critical genes. Oyer 1100 publications have de- 
scribed the use of comparative genomic hybridization (CGH) to analyze 
the pattern of copy numbier alterations in cancer, but very few of the genes 
affected are knovm. Here, we performed high-resolution CGH analysis on 
cDNA microarrays in breast cancer and directly compared copy number 
and mRNA expression levels of 13,824 genes to qnantitate the impact of 
genomic changes i>n gene expression. We identified and mapped the 
boundaries of 24 independent amplicons, rangihg in size from 0.2 to 12 
Mb. Throughout the genome, both high- and low-Jevel copy number 
changes had a substantial impact on gene expression, with 44% of the 
highly amplified genes showing overexpression and 10.5% of the highly 
oyerexpressed genes being amplified. Statistical analysis with random 
permutation tests identified 270 genes whose expression levels across 14 
samples were systematically attributable to gene amplification. These 
included most previously described amplified genes in breast cancer and 
many novel targets for genomic alterations, including the HOXB7 gene, 
the presence of which in a novel amplicon at 37q213 was validated in 
10J2% of primary breast cancers and associated with poor patient prog- 
nosis. In conclusion, CGH on cDNA microarrays revealed hundreds of 
novel genes whose overexpression is attributable to gene amplification. 
These genes may provide insights to the clonal evolution and progression 
of breast cancer and highlight, promising tberapeutic targets. 

INTRODUCTION 

Gene expression patterns revealed by cDNA microarrays have 
facilitated classification of cancers into biologically distinct catego- 
ries, some of which may explain the clinical behavior of the tumors 
(1-6). Despite this progress in diagnostic classification, the molecular 
mechanisms underlying gene e3q)rcssion patterns in cancer have re- 
mained elusive, and the utility of gene expression profiling in the 
identification of specific therapieutic targets remains limited. 

Accumulation of genetic defects is thought to underlie the clonal 
evohition of cancer. Identification of the genes that mediate the effects 
of genetic changes may be irhportant by highlighting transcripts that 
are actively involved in tumor progression. Such transcripts pnd itheir 
encoded proteins would be ideal targets for anticancer ther^ies, as 
demonstrated by the clinical success of new therapies against ampli- 
fied oncogenes, such zs ERBB2 m&EGFR (7, 8), in breast cancer and 
other solid tumors. Besides amplifications of known oncogenes, over 
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Fig. 1 . Impact of gene copy number on global gene expression levels. A, percentage of 
over- and undcrexpressed genes {Y axis} accenting to copy number ratios oxu). 
Thivshold values used for over- and undereiqrression were >2.184 (global upper 7% of 
the cDNA ratios) and <0.4826 (global lower 7% of the expression ratios). B, percentage 
of amplified and deleted genes according to expression ratios. Threshold values for 
amplication and deletion were >1.5 and <0.7. . 



20 recurrent regions of DNA amplification have been mapped in 
breast cancer by CGH* (9, 10). However, these amplicons are often 
large and poorly defined, and their impact on gene expression remains 
unknown. 

We hypothesized that- genome-wide identification of those gene 
expression changes that are attributable to underlying gene copy 
number alterations would highlight transcripts that are actively in- 
volved in the causation or maintenance of the malignant phenotype. 
To identify such transcripts, we applied a combination of cDNA and 
CGH microarrays to: (c) determine the global impact that gene copy 
number variation plays in breast cancer develq>ment and progression; 
and (b) identify and characterize those genes whose mRNA expres- 



^ The abbreviations used are: CGH, comparative genomic hybridization; FISH, fhior 
resccnce in 5j7u hybridization; RT-PCR, reverse transcription-PCR. 
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Fig. 2. GoKOTie-widc copy number and expression analysis in the MCF-7 breast cancer cell Jincyi, chromosomal. CGH ariaJysb of MCF-7. The copy number ratio profile (Wue 
/ine) across Ac entire genome from Ip telorocie to Xq telomere is shown along with ± 1 SD {orange Ones). Tbc black horixontaJ Une indicates a ratio of VSi; red line, a ratio of 0.8; 
and green line, a ratio of U. B-C genomc-wide copy number analysis in MCF-T by CGH cm cDNA microarray. The copy number ratios were plotted as a limcnon of ftc positi^ 
of the cDNA doncs along the human genome In^, individual data pomts are connected wiA a line, and a moving median of 10 adjacent clones is shown. /f«/ horizoniaUne^Jht 
copy number ratio of 1 .0. In C. individual data pomts are labeled by color coding according to cDNA expression ratios. Tht bnght red dots indicate the upper 2%, and dark red dots, 
the next 5% of the expression ratios in MCF-7 cells (overexpressed genes); bright green dots indicate the lowest 2%, and dark green dots, the next 5% of the expression ratios 
(underexpiesscd genes>, the rest of the observations are shown vnih black crosses. The chromosome numbers arc shown at the bottom of tfic figure; and clnmnospmc boundaries are 
indicated with a dbsAei/ //nc. 



sion is inost significantly associated with amplification of the corre- 
sponding genomic template. 

MATEMALS AND METHODS 

Breast Cancer Cell Lines. Fourteen breast cancer cell lines (BT-20, BT- 
474, HCC1428, Hs578t. MCF7, MDA-361, MDA-436, MDA-453, MDA-468, 
SKBR-3, T47D, UACC812, ZR-75-1, and ZR-75-30) were obtained from the 
American type Culture Collection (Manassas, VA). Cells were grown under 
recommended culture conditions. Genomic DNA and mRNA were isolated 
using standard protocols. 

Copy Nomber and Expression Analyses by cDNA Microarrays. The 
preparation and printing of the 13,824 cDNA clones on glass slides were 
performed as described (1 1-13). Of these clones. 244 represented uncharac- 
terized expressed sequence tags, and the remainder corresponded to knowti 
genes. CGH experiments on cDNA microarrays were done as described (14, 
15). Briefly, 20 fig of genomic DNA from breast cancer cell lines and normal 
human WBCs were digested for 14-^18 h with^/i/I and iJsfll (Life Technol- 
o^cs. Inc., Rockville, MP) and purified by phenol/chloroform extraction. Six 
jug of digested cell line DNAs were labeled with Cy3-dUTP (Amersham 
Pharmacia) and normal DNA with Cy5-dUTP (Amersham Pharmacia) using 
the Bioprime Labeling kit (Life Technologies, Inc.). Hybridization (14, 15) and 
posthybridizatton washes (13) were done as described. For the expression 
analyses, a standard reference (Universal Human Reference RNA; Stratagene, 
La Jplla, CA) was u^ed in all experiments. Forty ^g of reference RNA were 
labeled with Cy3-dUTP and 3.5 jitg of test mRNA with Cy5-dUTP, and the 
labeled cDNAs were hybridized on microarrays as described (13, 1 5). For both 
microarray analyses, a laser confocal seamier (Agilent Technologies,' Palo 
Alto, CA) was used to measure the fluorescence intensities at the target 
locations using the DEARRAY software (IQ. After background subtraction^ 
average intensities at each clone in the test hybridization were divided by the 
average intensity of the corresponding clone in the control hybridization. For 
the ci^y number analysis, the ratios were normalized oh the basis of the 
distribution of ratios of all targets on the array and for the expression analysis 
on the basis of 88 housekeeping genes, which were spotted four times onto the 
array. Low quality measurements (i.^., copy number data with mean reference 
intensity <100 fluorescent units, and expression data with both test and 
reference intensity <100 fluorescent units and/or with spot size <50 units) 



were excluded fi-om the ianalysis and were treated as missing values. The 
distributions of fluorescence ratios were used to define cutpoints for increased/ 
decreased copy number.. Genes with CGH ratio >1.43 (representing the iqjper 
5% of the CGH ratios across all experiments) were considered to be amplified, 
and genes with ratio <0:73 (representing the lower 5%) were considered to be 
deleted. 

Statistical Analysis of CGH and cDNA Microarray Data. To evaluate 
the influence of copy number alterations on gene expression, we ^plied the 
following statistical approach. CGH and cDNA cab*brated intensity ratios were 
log-transformed arid liormalized using median centering of the values in each 
cell line. Furthermore, cDNA ratios for each gene across aD 14 cell lines were . 
median centered. For each gene, the CGH data were represented by a vector 
that was labeled 1 for amplification (ratio, >1.43) and 0 for no amplificatibri. 
Amplification was correlated wiA gene exjtfession using the sigbal-to-noise 
statistics (1). We calcidated a weight, for each gene as follows: 

_ n^gi ~ "V> 

where m^„ a^j and m^. <7^ denote the means and SDs for the expression 
levels for amplified and nonamplified cell lines, respectively. To assess the 
statistical significance of each weight, we performed 10,000 random permu- 
tations of the label vector. The probability that a gene had a larger or equal 
weight by random permutation than the original weight was denoted by a. A 
low a (<0.05) indicates a strong association between gene expression and 
amplification. 

Genomic Localization of cDNA Clones and AmpUcon Mapping. Each 
cDNA clone on the nucroarray was assigned to a Unigene chjster using the 
Unigene Build 141.* A database of genomic sequence alignment infbrmation 
for mRNA sequences was created from the August 2001 freeze of the Vm- 
versity of California Sazita Cruz's GoldenPath database.^ The chromosome and 
bp positions for each cDNA clone were then retrieved by relating these data 
sets. Amplicons were defined as a CGH copy number ratio >2.0 in at least two 
adjacent clones in two or more cell lines or a CGH ratio >2.0 in at least three 
adjacent clones in a single cell line. The amplicon start and end positions were 



* Intemet address: httpy/rescarchjihgri.mh.gov/nucroanBy/downloadabte_cdna.html, 
Intemet address: www.gcnome.ucscedu. 



6241 



GENE EXPRESSION PATIHWS IN BREAST CANCER 



Table j Nummary of independent amplicons in 14 breast cancer cell lines by 
CGH microarray \ 



I yicnttmi 




End (Mb) 


Size (Mb) 




132.79 


132.94 


0.2 


Iq21 


173.92 


177 j5 


33 


Iq22 


179JJ8 


179.57 


03 


3pl4 


71.94 


74.66 


2.7 


7pl2.I-7plU 


55.62 


60.95 


53 


7q3l 


125.73 


130.96 


5.2 


7q32 


140.01 


140.68 


0.7 


842I.Il-8q21.13 


86.45 


. 92.46 


6.0 - 


8q2IJ 


98.45 


103.05 


4.6 


8q233-8q24.14 


129.88 


142.15 


123 


8q24^ 


151.21 


152.16 


I.O 


9pJ3. 


38:65 


39.25 


0.6 


i3q22-<j31 


77.15 


8138 


4.2 


I6q22 


86.70 


87.62 


0.9 


, Hqll 


29.30 


30.85 


1.6 


I7ql2-421^ 


39.79 


42.80 


3.0 


I7q2132-q2U3 


52.47 


55.80 




l7q22-<^.3 


63.81 


69.70 


5.9 


I7q233-<j24j 


69.93 


.74.99 


5.1 


19q13 


40.63 


41.40 


6.8 


20qn^ 


34.59 


35.85 


13 


20ql3.12 


44.00 


45.62 


1.6 


20ql3.12-<il3.I3 


46.45 


49.43 


ij.o 


20qI3i-ql3J2 


5IJ2 


59.12 


7.8 . 



extended to include neighboring nonampliiied clones (ratio, <1.5); The am- 
plicon size determination was partially dependent on local clone density. 

FISH. Dual^lor interphase FISH to breast cancer ceil lines was done as 
described (17). Bacterial artificial chromosome clone RP11-361K8 was la- 
beled with SpectrumOrangc (Vysis, Downers Grove, IL), and Specmun- 
Oriange-labeled probe for EGFR was obtained from Vysis. SpectrumGreen- 
labeled chromosome 7 and 17 centromere probes CVysis) were used as a 
reference. A tissue microarray containing 612 formalin-fixed, paraffin-embedr 
ded primary breast cancers (17) was applied in FISH analyses as described 
(18). The use of these specin^ens was approved by the Ethics Gommittee of the 
University of Basel and by the NIH. Specfanens containing a 2-fold or higher 
increase m the number of test probe sigmds, as conqiared with corresponding 
centromere, signals, in at least 10% of the tumor cells were considered to be 
amplified. Survival analysis was p«rformed using the Kaplan-Meier method 
and the log-rank test. 

RT-PCR. The H0XB7 expression level was determined relative to 
GAPDH. Reverse transcription and PGR amplification were performed using 
, Access RT-PCR System (Promega C^orp., Madison, WI) with 10 ng of mRNA 
as a template. WAB7 primers were 5'-GA(3CAGA<KK3ACTGGGAGTT-3' 
and 5'-GCGTGAGGTAGCGATrGTAG-3'. 

RESULTS 

Global Effect of Copy Number on Gene Expression. 13,824 
arrayed cDNA clones were applied for analysis of gene expression 
and gene copy number (CGH microarrays) in 14 breast cancer cell 
lines. The results illtistrate a considerable influence of copy number 
on gene expression patterns. Up to 44% of the highly amplified 
transcripts (CGH ratio, >2.5) were overexpressed (i.e., belonged to 
the global upper 7% of expression ratios), compared with only 6% for 
genes with normal copy number levels (Fig. 1 A). Conversely, 10.5% 
of the transcripts with high-level expression (cDNA ratio, > 10) 
showed increased copy mmiber (Fig. \B), Low-level copy nimiber 
increases and decreases were also associated with similar, although 
less dramatic, outcomes on gene expression (Fig. 1). 

identification of Distinct Breast Cancer Amplicons. Base-pair 
locations obtained for 1 1,994 cDNAs (86.8%) were used to plot copy 
number changes as a function of genomic position ^ig. 2, Supple- 
ment Fig. A). The average spacing of clones throughout the genome 
was 267 kb. This high-resolution mapping identified 24 independent 
breast cancer amplicons, spanning from 0.2 to 12 Mb of DNA (Table 
1). Several amplification sites detected previously by chromosomal 



CGH were validated, with lq21, 17ql2-q21.2, 17q22-q23, 20ql3.1, 
and 20ql 3.2 regions being most commonly amplified, {^urthennore, 
the boundaries of these amplicons were precisely delineated: In ad- 
dition, novel amplicons were identified at 9pI3 (38.65-39.25 Mb), 
and I7q21.3 (52.47-55.80 Mb).. 

Direct Identification of Putitive AmpllficatioD Target Genes. 
The cDNA/CGH microarray technique enables the direct correla- 
tion of copy number and expression data on a gene-by-gene basis 
throughout the genome. We jjirectly annotated high-resolution 
CGH plots with gene expression data using color coding. Fig. 2C 
shows that most of the ampliified genes in the MCF-7 breast cancer 
cell line at lpl3, 17q22-q23, and 20qI3 were highly overex- 
pressed; A view of chromosome 7 in the MDA-468 cell line 
implicates £GF/? as the most highly overexpressed and amplified 
gene at 7pll-pl2 (Fig. ^A), In BT-474, the two known amplicons 
at 17ql2 and 17q22-q23 contained numerous highly overex- 
pressed genes (Fig. 35). In addition, several genes, including the 
homeobox genes HOXB 2 and i/OA!B7, were highly amplified in a 
previously uridescribed independent amplicbn at 17q21.3. HOXB7 
was systematically amplified (as validated by FISH; Fig. ZB, inset) 
as well as overexpressed (as verified by RT-PCR, data not shown) 
in BT-474, UACC812, and ZR-75-30 cells. Furthermore, this novel 





Fig. 3. Annotation of gene expression data on CGH miciDanay profiles. A, genes in the 
7pl r-p]2 amplicon in the MDA-468 cell line are highly expressed {red dots) and include 
the £GF/t oncogene. A several genes in the I7ql2, 17q2l3. and I7qi23 amplicons in the 
BT-474' breast cancer cell line are highly overeiqiressed (m/) and include the H0XB7 
gene. The data labels and color coding are as indicated ^or IHg. 2C. Insets show 
chromosomal CGH profiles for the corresponding chromosomes and validation of the 
increased copy number by tntei;^iase FISH using EGFR (red) and chromosome 7 
centromere probe (green) to MDA-468 (4) and HOXBT-spccific probe (red) and chro- 
mosome 17 centromere (green) to BT-474 cells (B). 
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Fig. 4. List of 50 genes with a statistically 
significant contlation (a value <0.05) between 
gene copy number and gene expression. Name, 
chromosomal location, and the a value for each 
gene are mdicated. The genes have been ordered 
according to their position in the genome. The color 
maps on (be right iUostrate the copy number and 
expression ratio patterns in the 14; cell lines. The 
key to die color code is shown at the bottom of the 
graph. Gray squares, missing values. The complete 
list of 270 genes is shown in s^)plemental Fig. B. 
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amplification was validated to be present in 10.2% of 363 primary 
breast cancers by FISH to a tissue microarray and was associated 
with poor prognosis of the patients (P —. 0.001). 

Statistical Identification and Characterization of 270 Highly 
Expressed Genes in Amplicons. Statistical comparison of expres- 
sion levels of all genes as a function of gene amplification identified 
270 genes whose expression was significantly influenced by copy 
number across all 14 cell lines (Fig. 4, Supplemental Fig, B). Accord- 
ing to the gene ontology data,* 91 of the 270 genes represented 
hypothetical proteins or genes with no functional annotation, whereas 
179 had associated functional information available. Of these, 151 
(84%) are implicated in apoptosis, cell proliferation, signal transduc- 
tion, and transcription, whereas 28 (16%) had functional annotations 
that could not be directly linked with cancer. 



DISCUSSION 

The importance of recurrent gene and chromosome copy number 
changes in the development and progression of solid tumors has been 
characterized in >1000 publications applying CGH^ (9, 10), as well 
as in a large number of other molecular cytogenetic, cytogenetic, and 
molecular genetic studies. The effects of these somatic genetic 
changes oh gene expression levels have remained largely unknown, 
although a few studies have explored gene egression changes occur- 
ring in specific amplicons (15, 19-21). Here, we applied genome- 
wide cDNA microartays to identify traiiscripts whose expression 
changes were attributable to underlying gene copy number alterations 
in breast cancer. 

Thip overall impact of copy number on gene expression patterns was 
substantial Avith the most dramatic effects seen in the case of high- 



' internet address: httpy/www.geneontology.org/. 



'Internet address: http://www.ncbLnbn.nih-gov/cntre2. 

6243 



GENE EXPRESSION PATTERNS IN BREAST CANCER 



level copy number increase. Low-level copy number gains and losses 
also had a significant influence on expression levels of genes in the 
regions aifected, but these eiffects were more subtle on a gene-by-gene 
basis than those of high-level ampliEcations. Howevei', the impact of 
low-level gains on the dysregulation of gene expression patterns in 
cancer may be equally important if not more important than that of 
high-level amplifications. Aneuploidy and low-level gains and losses 
of chromosomal armis represent the most common types of genetic ] 
alterations in breast and other cancers and, therefore, have an influ- 
ence on many genes. Our results in breast cancer extend the recent 
studies on the impact of aneuploidy on global gene expression pat- 
terns in yeast cells, acute myeloid leukemia, and a prostate cancer 
model system (22-24), 

: The CGH microarray analysis identified 24 independent breiast 
cancer amplicbns. We defined the precise boundaries for many am- 
plicpns detected previously by chromosomal CGH (9, 10, 25, 26) and 
also discovered novel amplicons that had not been detected previ- 
ously, presimiably because of their small size (only 1-2 Mb) or close 
proximity to other larger amplicons. One of these novel amplicons 
involved the homeobox gene region at 17q21.3 and led to fhc oyer- 
expression of the H0XB7 and H0XB2 genes. The homeodomain 
transcription factOTS are known to be key regulators of embryonic 
development and have been occasionally reported to undergo aberrant 
expression in cancer (27, 28). HOXB7 transfection induced cell pro- 
liferation in melanoma, breast, and ovarian cancer cells and increased 
tumorigenicity and angiogenesis in breast cancer (29-32). The pres- 
ent results imply that gene amplification may be a prominent mech- 
aiiism for overexpressing HOXB7 in breast cancer and suggest that 
/fOXB 7 contributes to tumor progression and confers an aiggressive 
disease phenptype in breast cancer. This view is supported by our 
finding of amplification of H0XB7 in 10% of 363 primary breast 
cancerrs, as well as an association of amplification with poor prognosis 
of the patients. ^ 

We carried out a systematic search to identify genes whose 
expression levels across all 14 cell lines were attributable to 
amplification status. Statistical analysis revealed 270 such genes 
(representiiig —2% of ill genes on the array), including not only 
previously described amplified genes, such as HER-2^ MYC, 
ribosomal protein s6 kinase, and A^fiJ, t>ut also numerous 
novel genes such NRAS-related gene (lpi3), syndecqn-2 (8q22), 
and bone morphogenic protein (20ql3.1), whose activation by 
ainplification rhay similarly promote breast cancer pro^ssion. 
Most of the 270 genes have not been implicated previously in 
breast cancer development and suggest novel pathogenetic mech- 
anisms. Although we would not expect all of them to be causally, 
involved^ it is intriguing that 84% of the genes with associated 
functional information were implicated in apoptosis, cell prolifer- 
ation, signal transduction, transcription, or other cellular processes 
that could directly imply a possible role in cancer progression. 
Therefore, a detailed characterization 6f these genes may provide 
biological insights to breast cancer progression ahd might lead to 
the development of novel therapeutic strategies. 

In summary, we, demonstrate application of cDNA rriicroarrays 
to the analysis of both copy number and expression levels of over 
12,000 transcripts throughout the breast cancer genome, roughly 
once every 267 kb. This analysis provided: (<?) evidence of a 
prominent global influence of copy number changes on gene 
expression levels; (b) a high-resolution map of 24 independent 
amplicons in breast cancer; and (c) identification of a set of 270 
genes, the overexpression of which was statistically attributable to 
gene amplification. Characterization of a novel amplicon at 
17q21.3 implicated amplification and overexpression of the 
H0XB7 gene in breast cancer, including a clinical association 



between //OAB 7 amplification and poor patient prognosis. Overall, 
our results illustrate hpw the identification of genes activated by 
gene amplification provides a powerful approach to highlight 
g^nes with an important role in cancer as well as to prioritize and 
validate putative targets for therapy development. 

. • . • . ■/ ■ ^ ■ ' 
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Genomic DNA copy number alterations are key genetic eyents in 
the development and progression of human cancers. Here .we 
report a genome-wide microarray comparative genomic hybrid- 
ization (array CGH) analysis of DNA copy number variation In 
a series of primary human breast tumors. We. have {Profiled DNA 
copy number alteration across 6,691 mapped human genes« in 44 
predominantiy advanced, primary breast tumors and 10 breast 
cancer cell lines. While the overall patterns of DNA amplification 
and deletion corroborate previous cytogenetic studies, the high-, 
resolution (gene-by-gene) mapping of amplicon boundaries and 
the quantitative analysis of arhplicon shape provide significant 
improvement in the localization of candidate oncogenes. Parallel 
microarray measurements of mRNA levels reveal the remarkable 
degree to yvhicli variation in gene copy number coritributes to 
variation in gene expression in tumor cells. Spedfically, we find 
that 62% Qf highly amplified genes show moderately or highly 
elevated expression, that DNA copy number influences gene ex- 
pression across a wide range of DNA copy number aKerations 
(deletion, k>w-^ mid- and high-level amplification), that on average, 
a 2-fold change in DNA copy number Is associated vi/itb a corre- 
sponding 1.5-fold change Iri mRNA levels, and that overall, at least 
12% of all the variation in gene expriessipn among the breast 
tumors is directiy attributable to underlying variation In gene copy 
number. These findings provide evidence that, widespread DNA 
copy number alteration can lead directly to global deregulation of 
gene expression, which , may contribute to the development or 
progression of cancer. 

Gohventional cytogenetic techniques, including comparative 
genomic hybridization (CGH)'(l), have led to the identifi- 
cation of a number of recurrent regions of DNA copy number 
alteration in breast cancer cell lines and tumors (2-4). While 
some of these regions contain known or candidate oncogenes 
[e.g., FGFRl (8pll), MYC (8q24), CCNDl (llqlS), ERBB2 
(17ql2), and ZNF217 (20ql3)] and tumor suppressor genes 
[RBI (13ql4) and TP53 (17pl3)], the relevant gene(s) within 
other regions (e.g., gain of Iq, 8q22, and 17q22-24» and loss of 
8p) remain to be identified. A high-resolution genome-wide 
map» delineating the boundaries of DNA copy number alter- 
ations in tumors, should facilitate the localization and identifi- 
cation of oncogen^ and tumor suppressor genes in breast 
cancer. In this study, we have created such a inap, using 
array-based CGH (5-^7) to profile DNA copy number alteration 
in a series of breast cancer cell lines and primary tumors. 

An unresolved question is the extent to which the widespread 
DNA copy number changes that we and others have identified 
in breast tumors alter expression of genes within involved 
regions. Because we had measured mRNA levels in parallel in 
the same samples (8), using the same DNA microarrays, we had 
an opportunity to explore on a genomic scale the relationship 
between DNA copy number changes and gene expression. From 



this analysis, we have identified a significant impact of wide- 
spread DNA copy number alteration on the transcriptional 
programs of breast timiors. 

Materiab and Methods 

Tumors and Cell lines. Primary breast tumors were predominantly 
large (>3 cm), intemediate-gnidej infiltrating ductal carcino- 
mas, with more than 50% being lymph node positive. The 
fraction of tumor cells within sjpecimens averagedrat least 50%. 
Details of individual tumors have been published (8^ 9), and 
are simimarizeii in Table 1, which is published as supporting 
information on the PNAS web site, www.pnas.org. Breast cancer 
cell lines were obtained from the American Type Culture 
Collection. Genomic DNA was isolated either using Qiagen 
genomic DNA columns, or by phenol/chloroform extraction 
followed by ethanol precipitation.. . 

DNA Labeling and Microarray Hybridizations. Genomic iDNA labeir 
ing and hybridizations were performed essentially as described 
in Pollack et al (7), with slight modifications. Two micrograms 
of DNA was labeled in a total volume of 50 microliters and the 
volumes of all reagents were adjusted accordingly. **Test" DNA 
(from tumors and cell lines) was fluorescently labeled (Cy5) and 
hybridized to a hiunan cDNA microarray containing 6,691 
different mapped human genes (i.e., UniGene clusters); The 
"reference" (labeled with Cy3) for each hybridization was nor- 
mal female leukccyte DNA from a single donor. The fabrication 
of cDNA microarrays and the labeling and hybridization of 
mRNA samples have been described (8). 

Data Analysis and Map Positions. Hybridized ;arrays were scanned 
on a GenePix scanner (Axon Instruments, Foster City, CA), and 
fluorescence ratios (test/reference) calculated using scanalyze 
software (available at http://ranaJbl.gov). Fluorescence ratios 
were normalized for each array by setting the average log 
fluorescence ratio for all array elements equal to 0. Measure- • 
ments with fluorescence intensities more than 20% above back- 
ground were considered reliable. DNA copy munber profiles 
that deviated significantly from backgrotmd ratios measured in 
normal genomic DNA control hybridizations^ere interpreted as 
evidence of real DNA copy number alteration (see Estimating 
Significance of Altered Fluorescence Ratios in the supporting 
information). When indicated, DNA copy number profiles are 
displayed as a moving average (symmetric 5-nearest neighbors). 
Map positions for arrayed human cDNAs were assigned 



Abbreviation: CGH, comparative genomic hybridization. 
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Fig* 1. Genome-wide measurement of DNA copy number aKeratlon by array C<3H. (a) DNAcor^ number profiles are Illustrated for cell lines containing different 
numbers of X chromosomes, for breast cancer cell lines, and for breast tumors. Each rovy represents a different cell line or tiimor, and each column represents 
one of 6,691 different mapped human genes present on the microarray. ordered by genome map position from Ipter through Xqter. Moving average (ss^mmetric 
5-nearest neighbors) fluorescence ratios (test/reference) are depicted using a logi-based pseudocolor scale (indicated); such that red luminescence reflects 
ifold-amplification, green luminescence reflects fold-deletion, and black indicates no change (gray indicates poorly measured data). (6) Enlarged view of DNA 
copy number profiles across the X chromosome, shown for cell lines containing different number of X chrom 



identifying the starting position of the best iand longest match of 
any DNA sequence represented in the corresponding UniGeiie 
cluster (10) against the "Golden Path" genome assembly 
(http://gcnome.ucsc.edu/; Oct 7, 2000 Freeze). For UniGene 
clusters represented by multiple arrayed elements, mean fluo- 
rescence ratios (for all elements representing the same UniGene 
cluster) are reported. For mRNA measurements, fluorescence 
ratios are "mean-centered" (i.e., reported relative to the mean 
ratio across the 44 tumor samples). The data set described here 
can be accessed in its entirety in the supporting information. 

Results 

We performed CGH on 44 predominantly locally advanced, 
primary breast tumors and 10 breast cancer cell lines, using 
cDNA microarrays containing 6,691 different mapped human 
genes (Fig. la; also scq Materials and Methods for details of 
micrdarray hybridizations). To take full advantage of the im- 
proved spatial resolution of array CGH, we ordered (fluores- 
cence ratios for) the 6,691 cDNAs according to the "Golden 
Path" (http://genome.ucsc.edu/) genome assembly of the draft 
human genome sequences (11). In so doing, arrayed cDNAs not 
only themsehres represent genes of potential interest (e.g., 
candidate oncogenes within amplicons), but also provide precise 
genetic landmarks for chromosomal regions of amplification and 



deletion. Parallel analysis of DNA from cell lines containing 
different numbers of X chromosomes (Fig. 16), as we did before 
(7), demonstrated the sensitivity of our method to detect single^ 
copy loss (45, XO). and 1,5- (47,XXX), 2. (48,XXXX). or 
2.5-fold (49,XXXXX) gains (also see Fig. 5, which is published 
as supporting information on the PNAS web site). Ruorescence 
ratios were linearly proportional to copy number ratios, whidi 
were slightly underestimated, in agreement with previous ob- 
servations (7). Numerous DNA copy number alterations were 
evident in both the breast cancer cell lines and primary ttmaprs 
(Fig. la), detected in the tumors despite the presence of euploid 
non-tumor cell types; the magnitudes of the observed changes 
were generally lower in the tumor samples, DNA copy-number 
alterations were found in every cancer cell line and tumor, aiid 
on every human chromosome in at least one sample. Recurrent 
regions of DNA copy number gain and loss were readily iden- 
tifiable. For example, gains within Iq, 8q, 17q, and 20q were 
observed in a high proportion of breast cancer cell lines/tumors 
(90%/69%, 100%/47%, 100%/60%, and 90%/44%, respective- 
ty), as were losses within Ip. 3p, 8p, and 13q (80%/24%, 
80%/22%, 80%/22%, and 70%/lB%, respectivety), consistent 
with published cytogenetic studies (refs, 2-4; a complete listing 
of gains/losses is provided in Tables 2 and 3, whidi are published 
as supporting information on the PNAS web site). The total 
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Ftg. 2. DNA copy number atteration across chromosome 8 by array C6H. (a) DNA copy number profiles are illustrated for celt lines containing different numbers 
of X chromosomes, for breast cancer cell lines, and for breast tumors. Breast cancer cejl lines and tumors are separately ordered by hierarchical clustering to 
highlight recurrent copy number changes. The 241 genes present on the microarrays and mapping to chromosome 8 are ordered by position along the. 
chromosome^ Fluorescence ratios (test/reference) are depicted by a log} pseudocolor scale Ondicated). Selected genes are indicated with color-coded text (red, 
increased; green, deaeased; black, no change; gray, not well measured) to reflect correspondingly altered mRNA levels (observed in the majority of the subset 
of samples displaying the DNA copy number change). The map positions for genes of interest that are not represented on the microarray are indicated in the 
row above those genes represented on the array, (b) jGraphical display of DNA copy number profile for breast cancer cell line SKBR3. Fluorescence ratios 
(tunrK}r/n6rmal) are plotted on a Iog2 scale for chromosome 8 genes;, ordered along th^ 



number of genomic alterations (gains and losses) was found to 
be significantly higher in breast tumors that were high grade (P = 
0.008), consistent with published GGH data (3), estrogen recep- 
tor negative (P - 0.04), and harboring TP53 mutations {F == 
0.0006) (see Table 4, which is published as supporting informa- 
tion on the PN AS web site). 

The improved spatial resolution of our array CGH analysis is 
illustrated for chromosome 8, which displayed extensive DNA 
copy number alteration in our series. A detailed view of the 
variation in the copy number of 241 genes mapping to chromo- 
some 8 revealed multiple regions of recurrent amplification; 
each of these potentially harbors a dififerent known or previously 
uncharacterized oncogene (Fig. 2a). The complexity of amplicon 
"Structure is most easily appreciated in the breast cancer cell line 
SKBR3. Although a conventional CGH analysis of 8q in SKBR3 
identified only two distinct regions of amplification (12), we 
observed three distinct regions of high-level amplification (la- 
beled 1-3 in Fig. 2b), For each of these regions we can defiine the 
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boundaries of the interval recurrently amplified in the tumors we 
examined; in each case, known or plausible candidate oncogenes 
can be identified (a description of these regions, as well 'as the 
recurrently amplified regions on chromosomes 17 and 20, can be 
found in Figs. 6 and 7, which are published as supporting 
information on the FNAS web site). 

For a subset of breast cancer cell lines and tumors (4 and 37, 
respectively), and a subset of arrayed genes (6,095), mRNA 
levels were quantitatively measured in parallel by iising cDNA 
microarrays (8). The parallel assessment of mRNA levels is 
useful in the interpretation of DNA copy number changes. For 
example, the highly amplified genes that are also highly ex- 
pressed are the strongest candidate oncogenes within an ampli- 
con. Perhaps more significantly, our pandlel analysis of DNA 
cof^ number changes and mRNA levels provides us the oppor- 
tunity to assess the global impact of widespread DNA copy 
number alteration on gene expression in tumor cells. 

A strong inf luende of DNA copy nimiber on gene expression 
is evident in an examination of the pseudocolor representations 
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Fig. 3. Concordance between DNA copy number and gene expression across chromosome 17. DNA copy number atteration (Upper) and mRNA levels (loi*e/) 
are illustrated for breast cancer cell lines and tumors. Breast cancer cell lines and tumors are separate^ ordered by hiierarchlcal clustering {Upper), and the 
identical sample order Is maintained (tower). The 354 genes present on the microarrays and mapping to chromosome 17. and for which bpth DNA copy number 
and mRNA levels were determined, are ordered by position along the chromosome; selected genes are Indicated in color-coded text (see Fig. 2 legend). 
Fluorescence ratios (test/reference) are depicted by separate iog2 pseudocolor scales (indicated). 



of DNA copy number and mRNA levels for genes on chromo- 
some 17 (Fig. 3). The overali patterns of gene amplification and 
elevated gene expression are quite concordant; i.e., a significant 
fraction of highly amplified genes appear to be correspondingly 
highly expressed. The concordance between high-level amplifi- 
cation and increased gene expression is not restricted to chro* 
mbsome 17, Genomcrwide, of 117 high-level DNA amplifica- 
tions (fluorescence ratios >4, and representing 91 different 
genes), 62% (representing 54 different genes; see Table 5; which 
is published as supporting information on the PN AS web site) 
are found associated with at least moderately elevated mRNA 
levels (mean-centered fluorescence ratios >2), and 42% (rep- 
resenting 36 different genes) are found associated with compa- 
rably highly elevated mRNA levels (mean-centered fluorescence 
ratios >4). 

To determine the extent to which DNA deletion and lower- 
level amplification (in addition to high-level amplification) are 
also associated with corresponding alterations in mRNA levels, 
we performed three separate analyses on the complete data set 
(4 cell lines and 37 tumors, across 6,095 genes). First, we 
determined the average mRNA levels for each of five classes 
of genes, representing DNA deletion, no change, and low-, 
medium-, and high-level amplification (Fig. 4^). For both the 



breast cancer cell lines and tumors, average mRNA levels 
tracked with DNA copy number across all five dasses^ in a 
statistically significant fashion (P valiies for pair-wise Student's 
/ tests comparing adjacent classes: cell lines, 4 x 10"^^ 1 x 10"*^ 
5 X 10-^ 1 X 10-2; tumors, 1 X X lQ'^^^ S x lO"^'. 

1 X lO"^). A linear regression of the average log(pNA copy 
number), for each class, against average log(mRNA level) 
demonstrated that on ayerajge, a 2-fold change in DNA copy 
number was accopipanied by 1»4- and 1 J-fold changes, in mRNA . 
level for the breast cancer cell lines and tumors, respectively (Fig, 
4a, regression line not shown). Second, we characterized the 
distribution of the 6,095 correlations between DNA copy num- 
ber and mRNA level, each across the 3? tumor samples (Fig, 46), 
The distribution of correlations forms a normal-shaped curve, 
but with the peak markedly shifted in the positive direction from 
zero. This shift is statistically significant, as evidenced in a plot 
of observed vs. expected correlations (Fig. 4c), and reflects a 
pervasive global influence of DNA copy number alterations on 
gene expression. Notably, the highest correlations between DNA 
copy number and mRNA level (the right tail of the distribution 
in Fig. 46) comprise both amplified and deleted genes (data not 
shown). Third, we used a linear regression model to estimate tiie 
fraction of all variation measured in mRNA levels among the 37 
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Rg. 4. Genome^Ide tnfluence of DNA copy number aKerations on mRNA levels, (a) For breast cancer cell lines (gray) and tumor samples (black)« both 
mean-centered mRNA fluorescence ratio (logj scale) quartiles (box plote indicate 25th, 50th, and 75th percentile) and averages (diamonds; V-vahie error bars 
indicate standard errors of the mean) are plotted for each of five classes of genes; representing DNA deletion (tumor/nomnal ratio < 0.8). no change (0.8-1.2). 
low- (1.2-2). medium- (2-4). and high-level (>4) amplification. P values for pair-wise Student's t tests, corhparing averages between adjacent classes (moving 
leftto right). are4 x 10-« 1 x lO'*' 5 x lO"* 1 x 10-i(ceH lines), and 1 x lO-*^^ 1 x lO'^". 5 x 10"*'. 1 x 10"* (tumors), (b) Distnlnrtion of Correlations between 
DNA copy number and mRNA levels, for 6,095 different human genes across 37 breast tumor samples, (c) Plot of observed versus expected correlation coefficients. 
The expected values yirere obtained by randomization of the sample labels in the DNA copy number data set The line of unity is indicated. (cO percent variance 
in gene expression (among tufnors) directly explained by variation in gene copy number. Percent variance explained (blade line) and fraction of data retained 
(gray line) are plotted for different fluorescence intensity/background (a rough surrogate for signal/noise) cutoff values.; Fraction of data retained b relath/e 
- to the 1.2 intensity/background cutoff Details of the linear regression model used to estimate the fraction of variatiorV in gene expression attributablie to 
underlying DNA copy number aKeration can be found in the supporting information (see Estimating the Fraction of Variation in Gene Expression Attributabte 
to Underlying l^NA Copy Number Alteration), 



tumors that could be attributed to underlying variation in DNA 
copy number. From this analysis, we estimate that, overall, about 
7% of all of the observed variation in mRNA levels can be 
explained directly by variation in copy number of the altered 
genes (Fig. Ad). We can reduce the effects of experimental 
measurement error on this estimate by using only that fraction 
of the data most reliably measured (fluorescence intensity/ 
background >3); using that data, our estimate of the percent 
variation in mRNA levels directly attributed to variation in gene 
copy number increases to 12% (Fig. Ad). This still undoubtedly 
represents a significant imderestimate, as the observed variation 
in global gene expression is affected not only by true variation in 
the expression programs of the tumor cells themselves, but also 
by the variable presence of non-tumor cell types within clinical 
samples. 

Discussion 

This genome-wide, array CGH analysis of DNA copy number 
alteration in a series of human breast tumors demonstrates the 
usefubiess of defining amplicon boundaries at high resolution 
(gene-by-gene), and quantitatively measuring amplicon shape, to 
assist in locatmg and identifying candidate oncogenes. By ana- 
lyzing mRNA levels in parcel, we have also discovered that 
changes in DNA copy number have a large, pervasive, direct 
effect on global gene expression patterns in both breast cancer 



cell lines and tumpn. Although the DNA microarrays used in pur 
analysis may display a bias toward characterized and/or highly 
expressed genes, because Wjc are examining such a large fraction 
of the genome (approXiinately 20% of all human genes), and 
because, as detailed above, we are likely underestimating the 
contribution of DNA copy number changes to altered gene 
expression, we believe our findings are likely to be generalizable 
(but would nevertheless still be remarkable if only applicable to 
this set of '-'6,1(X) genes)i 

In budding yeast, aneuploidy has been shown to resiilt in 
chromosome-wide gene expression biases (13). Two recent 
studies have begtin to examine the global relationslup between 
DNA copy number and gene expression in cancer cells. In 
agreement with our findings, Phillips et al (14) have shown that 
with the acquisition of tumorigenicity in an immortalized pros- 
tate epithelial cell line, new chromosomal g;ains aiidj losses 
resiilteid in a statistically significant respective increaise and 
decrease in the average expression level of involved genes, in 
contrast, Platzer et al (15) recently reported that in metastatic 
colon tumors only —4% of genes within amplified regions were 
found more highly (>2-fold) expressed, when compared with 
normal colonic epithelium. TTiis report differs substantially from 
our finding that 62% of highly amplified genes in breast cancer 
exhibit at least 2-fold increased expression. These contrasting 
findings may reflect methodological differences between the 
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studies. For example, the study of Platzer et a/. (15). may have 
systematically under-measured gene expression changes. In this 
regard it is remarkable that only 14 transcripts of many thousand 
residing within unamplified chromosomal regions were foimd to 
exhibit at least 4-fold altered expression in metastatic colon 
cancer. Additionally, their reliance on lower-resolution chromo- 
somal GGH may have resulted in poorly delimiting the bound- 
aries of high-complexity amplicohs, effectively cyercalling re- 
gions with amplification. Alternatively, the contrasting findings 
for amplified genes may represent real biolo^cal differences 
between breast and metastatic colon tumors; resolution of this 
issue will, require further studies. 

Our finding that Widespread DNA copy number alteration has 
a large, pervasive and direct effect on global gene expression 
patterns in breast cancer has several important implications. 
First, this finding supports a high degree of copy number- 
dependent gene expression in tumors. Second, it suggests that 
most genes are not subject to specific autoiregulatiori or dosage 
compensation. Third, this finding cautions that elevated expres- 
sion of an amplified gene cannot alone be considered strong 
independent evidence of a candidate oncogene's role in tumor- 
igenesis. In our study, fully 62% of hi^ly amplified genes 
demonstrated moderately or highly elevated expression. This 
highlights the importance of high-resolution mappmg of ^pli- 
con boundaries and shape [to identify the "driving" gene(s) 
within amplicons (16)], on a large number of samples, in addition 
to functional studies. Fourth, this finding suggests that analyzing 

1. KalUoniemi, A., Kallioniemi, O. P:. Sudar, D., Rutovitz, D., Gray, J. W., 
' Waldman, F. & Pinkel, D. (1992) Science 258, 818-821. 

2. Kallioniemi, A, Kallioniemi, O, P.; Piper, J.^ Tanner, M., Stokke, T., Chen, U, 
Smith, R S., Pinkeli D., Gray, J: W. & Waldman, F. M. (1994) P/t)c Ty^flri. ^cort 
ScL USA 91,2156^2160. ! 

3. Tirkkonen, M., Tanner, M., Karbu, R., Kallioniemi, A. Isola, J. & Kallioniemi,. 
6. P. (1998) Gcticj CAromayomer O^nccr 21, 177-184. 

4. Forozan, P., Mahlamaki, E. H., Monni, O., Chen, Y., Veldman, R., Jiang, Y., 
Gooden, G. C, EtiiicT, S. P., Kallioniemi, A & Kallioniemi, O. P. (2000) Cancer 
Res. 60^4519-4525. 

5. Solinas-Toldo, S., Lampel, S., Stilgenbauer, S., Nickolenko, J., Benner, A., Dohner, 
R, Cremcr, T, & Uchter, P. (1997) Gems Chromosomes Cancer 2», 399-407. 

6. Pinkel, D.. Si^grayes, R., Sudar, D.. dark, S., Poole, I., Kowbcl, D., CoDins, C, 
Kub, W. U. Oien, C, Zhai, Y., et al (1998) Nat. Genet. 20, 207-211. 

7. PoUack, J. R., Perbu, C M Alizadeh, A A., Eisen, M. Bi, Perganienschikov, 
= /L, Williams, C F., Jeffrey, S. S., Botstein, D. & Brown, P. O. (1999) Ato/. Genet. 

23, 41-46. 

1 8. Pcrou,CM^Sorlie,T.,Eisen,M.B.,vandeRijn,M.,Jeffrey.S.S..Rees,CA-, 
Pollack, JvR.. Ross, D. T.. Johnscn, H.. Akslcn, 1* A, et at (2000) Nhturc 
(London) 406, 147-752. 
9. Sorlie, Tl, Perou, C M., Tibshirani, R., Aas, T., Geislcr, S., Johnsen, H., Hastie, 



the genomic distribution of expressed genes^ even within existing 
microarray gene expression data sets, may permit the inference 
of DNA copy number aberration, particularly aneuploidy (where 
gene expression can be averaged across large chromosomal 
regions; see Fig. 3 and supporting information). Fifth, this 
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Each year, ov^r 1 82,000 women in the United States are 
diagnosed with breast cancer/and approximately 45,000 die 
of the disease.* Incidence appears to be increasing in the 
United States at a rate of rou^ly 2% per year. The reasons 
for the mcrease are unclear, but non-genetic risk factors appear 
to play a laige role.2 

Five-year survival rates range from approximately 65%- 
85%, depending on demographic group, with a significant 
percentage of women experiencing recurrence of their cancer 
within 10 years of diagnosis. One of the factors most predic* 
tive for recurrence once a diagnosis of breast cancer has been 
made is the numbw of axillaiy lymph nodes to which tumor 
has metastasized. Most node-positive women are given adju^ 
vant therapy, which increases their survival. However, 20%- 
30% of patients without axillary node involvement also 
develop recurrent disease, and the difficulty lies in how to iden- 
tify this high-risk subset of patients. These patients could 
benefit from increased surveillance, early intervention, and 
treatment. 

Prognostic markers currently used in breast cancer recur- 
rence prediction include tumor size, histological grade, steroid 
hormone recq>tor status, DNA ploidy, proliferative index, and 
cathepsin D status. Expression of growth factor receptors and 
over-expression of the HER-2/neu oncogene have also been 
identified as having value regarding treatment regimen and 
prognosis. 

HER-2/neu (also known as c-erbB2) is an oncogene that 
encodes a transmembrane glycoprotein that is homologous 
to, but distinct frorn, the epidermal growth factor receptor. 
Numerous studies have indicated that high levels of expres- 
sion of this protein are associated with rapid tumor growth, 
certain forms of therapy resistance, and shorter disease-free 
survival. The gene has been shown to be amplified and/or 
ovci^xpressed in 10%-30% of invasive breast cancers and in 
40%-60% of intraductal breast carcinoma.^ 

There are two distinct FDA-approved methods by which 
HER-2/heu status can be evaluated: imniunohistochemistry 
(IHC, HcrcepTest™) and FISH (fluorescent in situ hybridiza- 
tion. Path Vysion^w Kit). Both methods can be performed on 
archived and current specimens. The first metfiod allows visual 
assessment of the aniount of HER-2/neu protein present on 
the cell membrane. The latter method allows direct quantifi- 
cation of the level of gene amplification present in the tumor, 
enabling differentiation between low- versus high-amplifica- 
ticth. At least one study has demonstrated a difference in 



recurrence risk in women younger than 40 years of age for 
lowr versus high-amplified tumors (54.5% compared to 
85.7%); this is compared to a recurrence rate of 16.7% for 
patients with no HER-2/neu gene aniplification/ HER-2/neu 
status may be particulariy important to establish in women widi 
small (< 1 cm) tumor size. 

The choice of methodology for detemiination of HER-2/ 
neu status depends in part on ^e clinical setting. FDA approval 
for the Vysis FISH test was granted based on clinical trials 
involving 1 549 node-positive patients. Patients received one 
of three different treatments consisting of different doses of 
cyclophosphamide, Adriamycin, and 5-fluorouracil (CAF). 
The study showed that patients with amplified HER-2/neu 
benefited from treatment with higher doses of adriamycin- 
bascd therapy, while those with normal HER-2/neu levels did 
not The study therefore identified a sub-set of women, who 
because they did not benefit from more aggressive treatment, 
did not need to be exposed to the associated side effects. In 
addition, other evidence indicates that HER-2/neu amplifica- 
tion in node-negative patients can be used as an independent 
prognostic indicator for early recurrence, recurrent disease at 
any time and disease-related death.^ Demonstration of HER- 
2/neu gene amplification by FISH has also been shown to be 
of value in predicting response to chemotherapy in stage-2 
breast cancer patients. 

Selection of patients for Herceptin^ (Trastuzumab) mono- 
clonal antibody therapy, however, is based upon demonstra^ 
tion of HER-2/neu proteiii cverexpression using HercepTest™. 
Studies using Herceptin^ in patients with metastatic breast 
cancer show an increase in time to disease progression, 
increased response rate to chemotherapeutic agents and a small 
increase in overall survival rate. The FISH assays have not yet 
been approved for this purpose, and studies looking at response 
to Herceptin^ in patients with or without gene amplification 
status determined by FISH are in progress: 

In general, FISH and IHC results correlate well. However, 
subsets of tumors are found which show discordant results; 
i:e., protein overexpressi6n without gene amplification or lack 
of protein overexpression with gene amplification. The cltni- 
cal significance of such results is unclear. Based on the above 
considerations, HER-2/neu testing at SHMC/PAML will uti^ 
lize inmiunohistochemistry (HerccpTest^ as a screen, fol- 
lowed by FISH in IHC-negative cases. Alternatively, either 
method may be ordered individually depending on the clini- 
cal setting or clinician preference. 
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CPT code information 

H£R*2/Deu via IHC 

88342 (including interpretive report) 

H£R-2/neu via FISH 

88271x2 Molecular cytogenetics, DNA probe, each 
88274 Molecular cytogenetics, interphase in situ hybrid- 
ization, analyze 25-9? cells 
8829 1 Cytogenetics and molecular cytogenetics, interpre- 
tation an4 report 



Procedural Information . 

Immunohistochemistry is performed using the FDA-approved 
DAKO antibody kit, HerceptestO; The DAKO kit contains 
reagents required to complete a two-step immunohisto- 
chemical staining procedure for.routinely processed, paraffin- 
embedded specimens. Following incubation with the primary 
rabbit antibody to human HER-2/neu protein, the kit employs 
a ready-to-use dextran-based vistialization reagent. This re- 
agent consists of both secondary gpat anti-rabbit antibody 
molecules with horseradish peroxidase molecules linked to a 
common dextran polymer backbone, thus eliminating the heed 
for sequential application of link antibody and peroxidase 
conjugated antibody. Enzymatic conversion of the subse- 
quently added chromogen results in formation of visible 
reaction product at the antigen site. The specimen is thai coun- 
terstained; a pathologist using light-microscopy interprets 
results. 

FISH analysis at SHMC/PAML is performed using the 
FDA-approved Path Vysion™ HER-2/neu DNA probe kit, pro- 
duced by Vysis, Inc. Formalin fixed, paraffin-embedded breast 
tissue is processed using routine histological methods, and then 
slides are treated to allow hybridization of DNA probes to the 
nuclei present in the tissue section, the Pathvysion™ kit con- 
tains two direct-labeled DNA probes, one specific for the 
alphoid repetitive DNA (CEP 1 7, spectrum orange) present at 
the clu-omosome 1 7 centromere and the second for the HER- 
2/neu oncogene located at 1 7q 1 1 .2- 1 2 (spectrum green). Enu- 
meration of the probes allows a ratio of the numbCT of copies 
of chromosome 17 to the number of copies of HER-2/neu to 
be obtained; this enables quantification of low versus high 
amplification levels, and allows an estimate of the percentage 
of cells with HER-2/neu gene ampliification. The clinically 
relevant distinction is whether the gene amplification is due 
to increased gene copy number oh the two chromosome 17 
homologues normally present or an increase in the number of 
chromosome 1 7s in the cells. In the majority of cases, ratio 
equivalents less than 2.0 are indicative of a normal/negative 
resuh, ratios of 2.1 and over indicate that aihplification is 
present and to what degree. Interpretation of this data will be 
performed and reported fit)m the Vysis-certified Cytogenet- 
ics laboratory at SHMC. 
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